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PREFACE 

This book has been written, principally for the benefit of the 
user of the various ferrous and non-ferrous materials employed 
in the construction of automobiles, aircraft, and general 
mechanical engineering work as distinct from the metallurgist. 

Owing to thj extent of the subject and to the rather wide 
scope of the trjrk, it has been found necessary to divide the 
matter intj^ two sections, each in a separate volume, Hhe 
present one dealing entirely with ferrous materials, and the 
second volume with non-ferrous and organic materials. 

The jiresent work covers a wide range, and may be regarded 
as containing the more directly useful information and data 
frojji a large number of specialist books upon the subjects 
treated, .supplemented by modern data, kindly sui)plied by the 
leading manufacturers in this and other countries, and by 
the inclusion of snatter derived from the current and past 
prooeedisga of various societies and institutions. 

The average user of materials, such as the aircraft or 
automobile constructor, hs not greatly concerned with the 
metallurgical processel to which his metals have been pre¬ 
viously subfected, but rather to Jiheir •composition, strength, 
properties, and modes pf Treat and other treatment, et ., as 
received from the steel or other met*! .manufacturer. 

To the student, the r^ation^hips between the theoreti«tal«' 
and actual properties of materials as revealed by tes* will no 
doubt prove interesting, as also^ .will the more* practical 
applications of the ma^^rials themselves. The draughtsman 
and designer will find fairly ful} information upon thejtheoreti- 
cal side of the subject of stresses and strains, aniT^should be* 
able, after perusal of tltp sections upo>l the behaviour of 
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materials undA- test, and of the various material specifications, 
strengths, compositions, etc., to choose materials suitable for 
anjf part or n^enlber, or for almost any purpose, with ease. 
The sections dealujg with the theoretical sides of the subjects 
have been kept quite separate and tolerably complete, in order 
that the more practical material users may not be hampered 
too much by an admixture of theory and practice in selecting 
the information they desire. 

Similarly, a section has been devoted to the machines and 
instruments used for testing materials, which is fairly com¬ 
plete in itself. 

^ In planning out this work, it was considered advisable to 
include an introductory chapter dealing with the theory of 
stresses, strains, etc., in so far as they concer/. ^the properties 
of .the materials discussed later in the book, ill order that the 
designer, engineer, and constructor might appre(?fete the co¬ 
relationship between theory, testing and actual practice, and 
also in order to emphasize and explain the terms used later 
on throughout the book. Particular attention has been paid 
to the English and American specifications of materials for 
specific purposes, and it is hoped that the tabular msfeter 
covering the properties of practically all of the carbon and alloy 
steels used in practice, given in Chapters V. and VI. and in the 
Appendices, w'ill prove useful in this respect. .» 

The question of the various treatments to which materials 
are subjected, rvith definite objects in view, has also received 
attention both from the theoretical ^nd practical points of 
view; many useful praoticai hints and recipes -^l be found 
throughout the book. « 

The subjects of hea^ treatment furnaces and pjTometry 
h^ve also been dftil^ iVith as fully ^ space allowed from the 
point of view of the works engineer and constructor. 

The gjeat difficulty k boot;s of»the present type, which 
have fqj' their object th*e» presenting io the reader of matter 
derived from variaus sources, (on spwialized subjects, etc., is 
to Know^j^st how much to include, and how much of Isle vast 
amount <ff infoAi^tion available to put aside; and inethe 
present instance, only considerations of the present sco^. 
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utility, and final size of the booK, nave limited the, amount of 
matter selected from the very large quota available. 

It is hoped that the author will have succeeded, at'least to 
a great extent, in his object of presenting to tf» aircraft and* 
automobile engineer, designer, constructor,* draughtsman, 
student, and general user of materials, a really useful work, at 
a reasonable price, containing in two volumes only a brief but 
sufficiently clear and informative account covering the range 
of subjects indicated by the title. 

The author would welcome any suggestions, information, 
etc., with a view to making this work more complete in later 
editions, and would be glad to have his attention directed 
to any errors which may have crept in, in s))ite of repeated 
and independent (flecking of the proofs. 

In conclusion *tlie avithor takes this opportunity of express¬ 
ing his thank.s»and appreciation to the jiumerous individuals^ 


firms, and institutions concerned, who have contributed to the 
information and illustrations, in particular to the Aeronautical 
Society of Great Britain, the Institution of Automobile 
Engineers, the Institute of Metals, the Cambridge Scientific 
Instrument Co., the Foster Instrument Co. (Letchworth), 
Messrs. Firth and Sons (Sheflield), Messrs. Vickers, Ltd., 
Messrs. Edgar Allen (ySheffield), Messrs. Bruntons of Mussel- 
burgh^the RichmonTl (Jas Stove and Meter Co. (Warrington), 
the MonOuHjter (,V), (Birmingham), Messrs. Aides and Pollock 
(Manchester), etc., to Dr. Hatfield for the use of several 
of the raicrophotographs shown in Chapters IV., V., and VI., 
and to Mr. Stubbs for information,and loan of illustrations 
on the subject*of drop-forging. 

A. W. JUDGE. 


London, 1920. 
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THE PROPERTIES OF 
AIRCRAFT AND AUTOMOBILE 
MATERIALS 

CHAPTER [ 

STRE^g. STRAIN, AND ELASTICITY 

When a structure of any kind, such as a tnachinc, engine, 
bridge, or similar object, is loaded in any manner- that is to 
say, when it is subjected to the action of forces—the various 
members, or parts, of the structure are said to be .stressed 
under the intluencc of the loads. As will be seen, later, the 
stresscM caused may be of various characters, such as tensile, 
compressive, or shearing, or a combination of two or three 
of these. 

In oeder to determine the proportions, or the suitability of 
the structufc for withstanding the lo.'uls, it becomes necessary 
to know two things, namely : (1) The amount and nature of 
the stress in each member; and (2) the properties of the 
materials of which the members are«oomposed. 

The former requirement mseessitates a knowledge of the 
methods of analysis and of calculation yi order to determine 
the nature and amount of tltc^orces or strsfeses Hi the members^ 
and the changes of form occurring*under the influence of the 

^ ^ • 41 

forces; this portion of the subject is treiAcd of in work^upon 
the Strength of Materials. ^ 

The second side of the subject deals with»the mechanical 
and physical properties of materials ns determined by»,experri 
^ce and experiment, and to the processes,,o^treatment of 
the materials; it is known as the Properties of Materials. 
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The two subjects are to a certain extent interconnected, 
since the jitoperties of the materials of members of a structure 
cteterniine the degree and nature of the deformation under 
load, and in many cases the deformation governs the values 
of the stresses in the members. Examples of this co-relation 
may be seen in the case of ferro-concrete, composite structures 
of dissimilar materials, structures comprised of members 
having difterent factors of safety and subjected to different 
types of stress. Moreover, dilferent materials such as different 
kinds of .metals, metals of different degrees of hardness but 
of the same composition, tiiiibers, fabrics, etc., behave in a 
very different manner under load, and the particular proper¬ 
ties of each material when subjected to loading are the prin- 
.cipal factors in strength cahmlations. 

For determining tlu; dimensions of any iaeniber of an 
engineering or aircraft structure it is not alone suffTicicnt to 
know the strength properties under different kinds of loading, 
but also the endurance of the materials under wearing, 
weathering, anti similar conditiins. 

Experimentally Determined Stresses. 

Many cases occur in practice, in whicl\ not only thi^ values, 
but also the nature of the stresses in particular strficturcs 
cannot bo estimated by known analytical n.ethods, or can 
only be estimated upon uncertain assumptions, so that it 
becomes necessary to have recourse,to methods of experiment 
in order to detcrnyinc tl^c stresses.* 

In many cases, it is possible to test full-sized structures, 
members, or bodies, «to destruc\ion, making careful measure- 
I ments of the (ieformations, load!, ?ind manner of failure under 
conditions resembling.those (ff actual practice; the informa¬ 
tion obtained is u.su^^lly an invahiable guide in apportioning 
the ftnal structure, 'member, or bo^-y. 

Te,sting maclVines, such as those described in Chapter III., 
although priipqrily intended for testing the properties of the 

* Alternative raelhods for finding thb stresses in a loaded body or struc¬ 
ture are given upon p. 239 et se^. “ 
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materials themselves, are often suitable for testing full-sized 
components; for example, automobile wli»*els fuicf spokes cTi^n 
be crushed, aeroplane struts crippled, braeing^wires, rods, and 
chains, pulled apart, and engine members such as connecting 
rods, crank-shafts, gear wheels, and parts sid)jected to stress, 
tested to destruction. 

Many structures are cither too large, or would require 
special testing machines of an elaborate kind to test them to 

destruction, but in all such cases the behaviour under their 

• 

own sj stem.s of loading can be ascertained, either by loading 
them directly, or, if this method is prohibitive f(jr reasons 
of cost and incor^vunience, scale models may be made and 
tested under sim^Rr conditions of loading. 

It is, of course, necessary to know the laws governing tin* 
application of tuodcl results to the full-.sized structure; many 
exam])les have occurred, in the past, of models working or 
behaving satisfactorily, whereas the fidl-sized atruet\ire or 
machines made from these model.s were failures. 

Thus, supposing, for ejrample, it is found that a win' of 
diameWir d will support a spherical (or, indeed, any other 
shape of) weight of diameter D quite safely; next, suppose 
that a wire of tim tynes the diameter d is taken and that a 
weight^f ten times the diameter 1) (or the linear dimensions) 
is hung ujio*! it. 

The tensile stresses in the two cases will not be the same 
but as 1 is to 10, owing tji the fact that the weight varies as 
the cube, whereys the cross-sectional'area ypries as the squaie 
of the linear dimensions. 

In all structures,* in whir^ tTie whole, <»rj[iart, of the stresses 
is duo to the weight of tin? structure itself, tlie stresses will 
be greater for larger structures of siraijar shapes; it ma^ bo 
• here mentioned that the wltimate or ^maximum spafif ol 
cantilever and other bridgi^i and similar .structures is lir^ited 
by weight considerations, and that each desijtn of structure 

* In all weight loaded Rtructuros, such as beams, tho^l^esscs irfsiinilar 
deigns vary directly aa the linear dimensions. * % 

f An example ot limiting bridge ajian la given by the case oi the h'irth of 
Forth cantilever lyiidge. 
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has a dplinito limiting size or a given working stress and 
msTterial. T'^he increase in this “ limiting ” value is only pos¬ 
sible by employijig materials of greater strength-weight ratio. 

In the case of machines, in which the accelerating forces 
are the limiting factors (as, for example, in the case of petrol 
and other high-speed reciprocating engines), these forces are 
proportional to the linear dimension d, the mass d?, and the 
square of the speed, or revolutions per second, N^—that is, to 
the product Q’hc bending moments in similar machines 

at the same places will be proportional to and the 

^ stresses to Hence in similar machines, if the accclerat- 

ing-force stresses are to be the same in, value, the product 
d^N^ must bo the same; that is, the speedsniust decrease as 
the size increases, or revolutions per minute should vary in¬ 
versely as the linear dimension. ‘■ 

In aeronautical structures the loads go\erning the working 
stresses are in most cases duo to the relative air speeds, as 
well as the total weight; and it is therefore necessary to test 
such structures under similar conditions of air-pressure, 
resistance, and weight. A common test for machinoi of a 
standard quantity production, or new', typo is to place the 
machine upside down upon trestles under the centre section 
portion and to load the wing and tail surfaces with tags of 
sand or shot, under approximately the same load distribution 
as that occurring in flight. The resistance elTcct i.s also 
approximated to, by means of horizontal cables pulling upon 
the wings. ^ 

The factor of safety, in such cuses, is given by the difference 
between the total bre«jiking load* and the wing structure weight, 

: divided by tl*c mdchino’s tlyiqg’ weight. The methods of 
(jalcnlating the stressqs in girder structures, such as bridges, 
built-up beams, aeroplane wing wind body-bracing systems, , 
and‘other similar'structures, arj(. usually based upon the 
methods of ediftinuous beams and pin-joints. 

Thej^rmeij.mothod assumes that the points of support of 
the flange memlijrs oh rails are in the same line, or in a deAr 
nite disposition; any subsequent deflection or movement of 
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the supports appreciably alters the values of the stresses. 
The pin-joint method assumes that the junctioi**o‘i' various 
members are frictionless pin-joints and the* forces in th6 
members are estimated accordingly; in practice, the joints 
are usually rigid, and, as in the case of an aeroplane wing- 
spnr or longeron, members are often continuous through the 
“ joints.” The forces, due to rigidity and continuity of the 
joints, are appreciably difleront from those deduced from the 
pin-joint method. Here, again, experiment comes to the aid, 
and the ncces.sary corrections for rigidity and con^nuity can 
be determined by loading a -spaje model of the structure to 
the elastic limit, or.brcahing-point. 

Numerous other examples might bo cited, but the above 
cases will serve to*om]jhasizc the importance of experimentaj 
tests and verift?ations: reference* i.s also made in Cbaxiter III. 
to certain indirect cxjx'rimcntal methods of determining the 
stresses and strains in loaded bodies and structures. 

Stress. 

Wh8n tw» bodies, f>r parts of the same bodies, transmit, or 
are subjected to, a force, the cffual and o)>posito action and 
reaction which occurs between the two bodies, or parts, con¬ 
stitute a stress. 

The interaction, or mutual reaction, which takes ])lace 
between the two parts of a body, divided by an imaginary 
surface, is said to constitute a sleite of stress. 

Thus, in tl^ case of strut, udder ct^mpression, if any 
imaginary cross section be taken there is a mutual push 
between the parts lying upoR opposite* sides of this section, 
and a state of stress existst!*ere. 

A stress acting at a surface is distjibuted over it, ^ither 
uniformly, or otherwise. Jf uniformly^clistributed eacJi unit 
of area of the surface beats the same loafi, or is subjectned to 
the same force, and the intensity of stress Jt any point is 
obtained by dividing the whole load, or forcp.,by tl^ whore 
»roa of the surface. 
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If A represents the M'holo area, and P the total force, then 
fo( a unlfhftniy distributed stress the intensity is giien by— 

P 

( 

A 


If the distribution of stress is not uniform the intensity of 
stress at any particular place may be found very approxi- 
mat(,‘ly by dividing by any small area around the point the 
force upon that small area. 

Thus if SA represent a small area around any point on ,a 
surface, at which a state of stre.ss exists, and SP be the force 
upon that area, then the intensity of the stress at that point is— 


<SP ’ I 

sa‘ 

* 

If P is given in pounds or tons, and A is ia square inches, 
the inb'iisity of stress will bo in pounds per stpiare inch or 
tons per square inch respectively. 

if P is given in kilogrammes, and A is in square millimetres, 
or square centimetres, then the intensity of strc8.s will bo in 
kilogrammes per square millimetre or per square ceniimotre 
respectively. 

For example, if a weight of 3 tons is hung upon the lower 
e,nd of a uniform rod of If inches diameter, the integsity of 
the stress produced across any section will be given by — 



(HP 


3 

l-Ttii) 


1'70 tons per square inch. 


< , 

Types of Stress. —There are three principal kinds of stress 
which can occur—n^nely, tensile,*'comprp.s.sive, and shear—of 
,1 which the former'-two arc k%o'vVn as simjilc stresses, and 
occijr normally to thp surface, whilst the latter stress occurs 
along, the surface, oi' tangentiallis. 

When the normal .stress consists of a pull, the stress is a 
tensile one, arfd the yjortions lying upon the two sides of the 
‘surta^fr tend^to directly recede from each other. 

When the stKss ik a pmsh, the stress is compressive, aitd 
the two portions tend to approach. n 
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Shear stress exists between two parts of a body, when they 
exert equal and opposite forces upon each bthor ima tangen¬ 
tial direction; it tends to make one part slide ever the others 

Besides the above three typos of stress, ^ body may be 
subjected to jcore than one type of stress; in this case the 
stress is termed a complex one. Every complex stress can 
bo split up into sinqile component stresses. 

Example.s of the clillerent types of stress considered arc 
illustrated diagrammatically in Fig. 1. 



FiTi. 1 .—-T^'I'es ob'^lEei[ANte\t. S'T'HEsses. 


Strain is a technical term f8r ex] u'essi^ig the change of form 
or shape, produced by strt’s,* ' * , 

Tensile strain, caused by a tensile, stress, consists pf an 
elongation in the direction of the pull, accompanietl by a 
lateral contraction perpeiWieular to tlio elongation direction. 

Compressive strain consists of a .shortening or contraction 
in the direction of the push, accompanied by^ajateraljbulging 
•or expansion in each direction at right angles to the former. 
If » denotes^ the longitudinal change in length, upon a 
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specimen of original length I, (hen the ratio measures the 
strain proarfced, whether tensile or compressive. 

‘ Shear strain consists of a tangential sliding of the parts 
under shear stres.s, in their direction. It is usually measured 
by the angle c^, shown in Fig 28. 

Elastic Materials. (Hooke’s Law.) 

An elastic material is one for which the strain disappears 
when the stress is removed. Most materials, such as metals, 
timber, glass, and similar substances, are very nearly per- 
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Fig. 2.—Types oe Mechanical Strain. 


fectly elastic for .small stresses, up t« a limiting value for each 
material. • 

For example, in the case of mild steel, the material is elastic 
for stresses up to abjut 0-60 of tlfe stress which would com- 
.pletely break 6r rupture the malprial.’" 

This limiting value^of the stress, at which elasticity just 
cease^ is known as'che Elastic limit. .Above this value of 
the stress the strain'produced wi^l not disappear when the 
stress is removal; the strain is then termed a Permanent Set. 
‘ The olastio limit varies for each material, and is more 
sharply defined ip some cases than in others: thus in the oas^ 
• This is termed the Ultimate Stress, or Strength. ' 
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of wild steel, the elastic limit is readily discernible from the 
fact that the strain increases more rapicTly for»rf given stress 
increase above this limit. For cast iron, coppef, and aluminmtn, 
there is no true elastic limit and the stress lind strain increase 
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nearlv at the same rate^right up tollic»brealiing poinfc which 
is fairly sudden. Fig. 3 represents graphically the relation 
between stress and strain for mild steel. It^has l^en fotind , 
I that for elastic materials stressed within Jlie elastic limit, the, 
strain is proportioml to the stress producing it. This is known 
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as Hooke’s law. For the case of a simple tensile stress, if 
a given ptll pauses a certain longitudinal extension, then 
twice this pull will cau.se twice this extension, three times the 
pull three times the exten.sion, and so on, provided that the 
total pull does not cau.se the stre.ss to exceed the elastic 
limit. 

Mathematically Hooke’s law may bo oxj)res.scd in the 
following form for cither tension or compres.sion—namely: 



where I original length of the piece, x the change of 
length duo to a load P, and A the crOs*.scctional area. 
P , , 

p i.s the stre.ss, or force per unit area. 

E i.s a constant, w'hich is known as thi' Elastic, or Young’s 
Modulus, and its value depends u])on the particular material 
under consideration; this constant may be deiined as the ratio 
of longitudinal stress to strain. 

Thus E - where e '\ the strain, 
e I 

If the stress be given in tons or pounds per square inch, 
then the Elastic Modulus should be expressed similarly. 

The units for j, the strain, are immaterial, since it is a ratio, 

but they must be consistent for both and 1. 

For iron and steel E is about 13,O0O tons per square inch 
or about 30,000,000 pounds per jquare inch. 'Thus a stress 
of 1 ton per square inch will pi-aduce an extension or con¬ 
traction of , of T'he original ^Iqngth in the case of iron 
or steel. ■- 

The working stre.ss far mild steel under steady load condi¬ 
tions is about 7 tons,pen. square inol^; the strain produced by 
this stress will b,j o*" about part of an inch per 

inch length of specimen. 

It will bo sob'n, then.^ that the elastic strains occurring in 
engineering work are very small indeed. 
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TABLE I. 

Values of Moduli of Elasticiti^ fc. 


Material. 


Cast iron, wliitc 
Cast iron, jii'cy .. 
Wronght-iron bars 
Wroii>?ht-iron jilatc 
Wrou^iht-iron wire 
Mild stool 

Cast steel (unicnipcrcd) 
Cast steel {tenijiered) .. 
'I'ool steel 
Rivot steel . 

Steel nlatcs } to cent, 
caruoii .. • 

Stool castiiij^ .. 
Aluininiem, casl- 


E. 

Pounds per 
Square Inch. 

Material. 

2:l,<HK),00(i 

Aliiminiuni. sheet 

15.000,000 

Brass, cast 

2!>,000,000 

Jhass, rolled 

27,000.000 

Cojipcr, cast 

25,(K)0,000 

Oipper, rolled . . 

30,000,000 

C^)j)))er wile 

30,000,000 

(Oin-motal 

30.000,000 

Delta inctul, cast 

40,000,000 

Delta inctnl. rollcc 

30,000,000 

Rliospbor bvon/c 
Aluminium bron/o 

31,000,000 

Load 

/3(),000,000 

rino* 

\ 20,000,000 

Oak* 

12.500,000 

Leatbor . 

-__ 



E. 

Pounds per 
Square Inch. 


ia.r>(>(>,()(K) 
8,!):)().000 
11 , 000,000 
0 , 000,000 
12,000,000 
ir»,000,000 
10,000,000 
12,000,0(K) 

i:5,ooo,oc<t 

14,000,000 

15.500,000 

2,500,000 

i,r>oo,(¥)o 

1,450,(500 

25,00(» 


Transverse Strain. 

The lateral or sideways ('(jntraetioii of a nieinber, or sjieei- 
mcB, und^er tensile stress, is a definite^ proi)orfion of the longi¬ 
tudinal strain. 

transverse strain 
longitudinal strain 

Ratio, wid for metals its value lies betw een ^ and J. 


The ratio, 


is known as Poisson’s 


TABLE 11. 

Values for Poisson’s Ratio. 
Material. ^ • * 


Mild 8 eel 
Wrought iron 
Cast iron 
Braes (east) 
Copper (east) 
Glass (flint) 


Value oj 
Poisson's Ratio. 
0-29 
0-27 
0*25 
o-:}3 


0-3U 

0'24 


Hooke’s Law for shikar stress aftti «train may be*writtcn 
symbolically as— 

shear stress q 
shear strain ' 

w 

* For other timbers see Vol JI. of this work, entitled “Non-FerrouH and 
Organic Matepals.” 
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where C is a constant for each material, and is known as the 
Modulus oj *RCgidit-^. Its value, which is usually determined 
by itorsion expetiments, may be taken as being about two- 
fifths of the Elastic Modulus. 


TABLE III. 

Values of Moduli of RiaiDrry C. 


Material. 


0 . 

Pounds per 
Siiuare Inch. 


Material. 


C. 

Pound'i per 
Square Inch. 


Cast iron* ,. 

Wrought iron 
Iron boiler platc.s .. 

Mild steel plates .. 

Cast steel (untem- 
pered) 

Cast stocl (tem¬ 
pered) 

Copper, cast 


7,600,000 

6,300,000 

5,000,000 

10,500,000 

14,000,000 

13,000,000 

to 

14,000,000 

12,000,000 

14,000,000 
f 4.300,000 
V 6,100,000 


Copper, rolled^ . 

Brass .. * e. 

« 

Bronze .. 

Gun-mctal 
Phosphor bronze 
Aluminium bronze 
Silv'or 
Gold 
Platinum 

Flint "lass 


/4,700,000 
\ 0,500,000 
/4,500,000 
\5,100,000 
J 5,100,000 
\ 6,000,000 
4,250,000 
.5,150,000 
5,600,00(t 
4,000,000 
4.700,000 
0,000,000 
(3,300,000 
\.3,400J)00 


Bulk, or Volume, Modulus. 

When a solid is subjected to throe simple pushes,^of equal 
intensity applied in three directions, if the material is homo- 
geneoust—that is to say, has equal properties in all directions 
—it suffers a contraction of volume oftly. 

If the change of vplumqV, due to three simple stresses of 
intensity p, acting in three directions, mutually at right 
angles, and V is the jriginal volume, then within the elastic 
I limit, the volumetric krain is profidrtional to the stress p — 
that is,to say— 

Volumetric strain where K^s a constant known as 

the Buli, or Voluhe, Modulus. 

I * • . A 

* The values g’VOT Are forw^itc, medium, and greycoat irons respectively. 

f A material huving^unoqual properties in difTcrent directions, such as 
timber, is said to bo heterogenooua; certain of the crystals belong to this clIUs. 
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The linear strain will be— 

^ v p_ 

^ V“ 3K' 

The value of K may be determined e;xperimentally by 
measuring the volume change when the body is placed in a 
liquid to which pressure is applied, or it may be estimated 
from the other elastic constants, from the relation given in 
the next paragraph. 


TABLE IV. 


Value.s of Bulk Momii.us K. 

Matcnal 

Water . 

Mercury * .. 

Glass (flint) 

Bras*»‘ .. 

Copjjor 
Cast .iron 
Wrought iron 
Ktccl .. 


(Bounds per square inch.) 
K. 

320,000 

7,8.50,000 

4,050,000 to 5,000,fl00.> 

. . 14,:!00,000 to 1,5,500,000 

24,000,000 
13,700.000 
20,700,000 
25,2t)0,000 


Relation between Elastic Constants. 

It*can shown, analytically, that E, C, and K are related 
in the following manner—namely: 


!«■ 

E 


1 1 
3C !»K 


or E 


OKC 

3K+0' 


For the transverse contraction, where o- denotes Poisson’s 

Ratio— ,, 

• 3K-.?C 

• "■ bK+W • 

For a material such ft's tfabber, in ^which the longitudinal 
extension is great compa)[pd with th® latwal contraction, 
(rubber extends readily, but is scompressed with difficulty), 
the value of cr will be ni,uch smaller "than in the c^se of a 
metal. The limiting valiie of o- will lx? seen to be 1; it, 9 annot 
bo greater than this. „ 

Another useful relation between the constants is-^ 
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Work Done in Elastic Strain. Application to Springs, etc. 

' * t, 

F6r simple tei)sion, or compression, in the case of an elastic 
material, the worj-. done per unit area, per unit length, is 
given by-— 


Work done per unit volume -vo - mean stress xstrain 

j) X rfi- 
" 2 * 

The cpiantity (termed the Resilimce) measures the 


. * - ?! tor ? 

/ 2E’‘"^E I 


capacity fon storing work in consequence of the strain, and 
this energy can be restored when the strain is relaxed. 

Thus inthocaseof metal springs, the most s\'itable materials 


are those having the highest resiliences or ea'lues 


under 


working stress conditions. Since the value of E ff> practically 
constant for sijnilar engineering metals, it follows that the best 
material for tension, compression, or beam springs, from the 
weight and bulk point of view’, is that having the highest 
elastic limit, or working stress. The alloy steels, such as 
chrome-vanadium, silicon, and nickel chrome, are.abouffthe 
best for this purpo.se.* 

India - rubber, for its weight, can store up considerably 
more energy than any other commercial material. I’huS for 
hardened cast steel the working resilience per cubic inch is 
about 500 inch pounds, and for good india-rubber it is about 
200 inch pounds. The relative weights per cubic inch are as 
8J to 1, and the respectivt; resiliences for india-rubber and 
steel, in foot pounds per pound weight, are roughly 500 
and 16. 

pThe work donb per'unit volume^, in elastic shearing action, 
is given by— 

20 ' 


The work done* by a load upon a given structure is equal 
to Vhe prsduct ^f the load and the deflection of the structure 
in the direction o{ the'load; this work done must also be e 


Fuller particulars of spring materials aie given on pp^SSO to 384* 
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equal to the sum of the strain-energies (as defined above) of 
the members comprising the structure. 

This principle is a valuable one in connection with the 
determination of the stresses in comj)lox structures, and has 
been applied to sucli examples as aeroplane wing bracings 
with different deflections at difl’erent i>Iaces along the spars, 
bridge-trusses, and rcdurulant frames; the method is known 
as the Strain-Energy one. it is, however, outside of the scope 
of the pre.sent volume to discuss ])roblenis which rightly belong 
to the subject of the strength of structures. 

Table V. (p. IG) gives the average values for tlie tensile, com¬ 
pressive, and shearing resiliences of the materials indicated; 
in each case tl^e*resilience is given in inch pounds per cubic 
inch of the, mater*al. 


Simple Stresses (Inclined Sections). Fig. 4, 

Con.sider the case of either a tcmsile or compressive force 
acting u|)on a piece of material. If tln^ area of the cross- 
section AB be A square inches, and the total pull or jnish bo 
P pounds, then the intensity of stress over AB, is given by— 

I' 1 1 

P ^ poumts per square incli. 


There iff no tangential force along AB. 

The intensity of the normal tensile force over any section 
CD, inclined at an angl(*d, to AB, for the case of two tensile 
pulls is given by— 

, P COvS A' 9’ ^ o /) 

/ ^ f 6* 0. 

cos 0 


The tangential or shear stress over tHJ is given by- 


P sin P . . 

- -» ' ^ K ^ O-• 

A A ^ ^ 

cos 0 


^ * For fuller information the reader is referred to “ J’!*o TKcory of Struc¬ 
tures,” by. Professor A. Morloy, chap, xiv., ” Deflection and Indeterminate 
Frames.” 



Resilibnces of Different Materials. (Perry.) 
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Note.—ft, fc, and/a, are the tensile, compressive, and sTiear stresses at the clastic limits. 
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It will be seen that the maximum value of p, the shear 

'P ' ^ 

stress, is Js, and occurs when sin 2d = 1 or d =45°. ' 

Z > J ’ 

It is of interest to note that the planes of 'jleavage or frac¬ 
ture of pieces in tension or compression arc approximately 



Fig. 4.—Simjle ^ensile Stress. 

« ^ 

at angles of 45° to the axis.* The mututil fri8tional resist- , 
ance due to the relative sliding of tl\e surfaces some^jhat 
modifies this angle, however^ in actual c£?ses. 

Complex Stresses. 

When a body is subjected to forces causinjt. norit^l or 
shear stresses in known directions—that* is twsay, when it is 
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exactly similar to that produced by three simple tensile or 
compresA-fel stresses acting in-three directions mutually at 
tight angles. ‘ 

Kach of these equivalent stresses is termed a “ -principal 
stress,” and the planes normal to which they act arc known 
as ]>rincipal planes,” the directions of the stresses lying 
along the “ axes of stress.” 

One of the ])rincipal stresses at any given point in the 
body is always greater than any other stress at that point, 



Fio. 5. « 


irrespective of dir'cctioh, and a,nother of the principal stresses 
is always a minimum for all stresses at that point. 

The state of strVss across anj’ plane can bo found by alge- 
' braic addition of the components of the complex stresses 
alor\g and normal IJo the plane. ^ 

(J) If a body bfs Subjected to ^wo simple tensile* stresses, 
acting in directions at right angles, as shown in Fig. 6, the 
fstress^s upon any inclined section CD will be as follows 
namely ■ ' ' \ • • 

* The same reasoning will apply to the case of compressive str^pses. 
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Normal stress /, =pj cos^ d + p^ 

~ .• 1 * sin 20 sin *20 

Tangential stress q =p^ — 2 — +1^2 *" 2 ' 

The maximum tangential stress occurs when 20 - 90° or 

0 - 45° and its value is ^' 2 the corresponding value of the 

normal stress on CD being 2 

(2) Simple Shear. —If, however, one of the forces is a push, 
•whilst the other is a pull, then, either pj or j>^ will ]ie negative. 

Calling tensile forces positive, and com 2 )res.sivo ones nega¬ 
tive, then the normal force ujion CD becomes— 


and when jl^p^ there is no normal force. 

The only stress to which CD is subjected will then bo a 
shear stress of intensity equal to or p.^ fSo that a state of 



Fio. 5.1. 

* •* 

simple shear may be prod«ced by two eqilal, but opposite in 

sign, principal stresses acting at right angles, *and the inten¬ 
sity of the simple shear stress is equal to either^^thclte, and 
ijcours upon planes at 45° to the principal Stress dir?ctiqps, 
as sh^wn in Fig. 5a. 
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It can a^jj) Jje shojvn as follows, that every tangential stress, 
no.matter how,it is originated, must be accompanied by an 
equal tangential etress acting along a plane at right angles 
to the other. If an indefinitely small cube ABCD (Fig. 5 b), 
under the influence of shearing stress q, along parallel sides 
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of the material, bo considered, then a little consideration will 
show that no possible arrangement of normal stresses upon 
the faces of the cube can balance this shear-couple. This can 
only be balanced by an equal and opposite shearing*stress 
along the sides of the cube at right angles to the other 
stress 5 j. 

Combined Normal and Shear Stresses. 

In connexion wi'th thfe stresses existing in beams, the case 
of a simple shear stress, and a n(»rmal stress of either com- 
^ prsssion or tiensiob, occurs, as depicted in Fig. 6. It is 
required to find the resultant normal stress, equivalent to 

1 * • • 

thes^ stresses. * 

Ctmsidering indefinitely small^ horizontal and vertical 1 
sections, BC a^d AC respectively, let p be the intensity of the 
normal stress, and q that of the shear stress perpendicular to 
AB, and CB tespectively. As previously shown, the 

shearing stress q along CB will be accompanied by an equal 
shearing stress q along AB. 
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If AC be the plane perpendicular to which tlic resultant 
stress T (the magnitude and direction of which* it is required 
to find) acts, then the conditions for cryiilibrium can bo 
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obtained by taking nisolutes along AB and AC, and may be 
exprgssed as follows— 

' (r - p) cos d =-q sin 0 
q cos 0 ~ r sin 0. 

• 2f/ 

Whencetan 2d - 

qn 

* 7J / 

and r , , ^ 

The maximum, or princijwl, stress is ^ivenlby the positive 
root value, and the minimum stress ,by the negative gralue. 
It will be seen that these two resultant stresses act on wlanes, 
mutually at right angles.* * • 

It also follows from what has already been’shown, tl^at the 
maximum shearing stress values act along jujMes»gnclin5d 
at 45° to those of the principal stresses; it* value is— 


i n/4^2 + ^2. 
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pio. 7 .—^Thp, Stress Ellipse. 
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The Stress Ellipse. 

A convenient graphical method of obtaining or of reprt*- 
senting the resultant stress on any plane of*a body which is 
subjected to two principal or simple stresses (tensile or com¬ 
pressive) is illustrated in Fig. 7. 

In the upper diagram a body is supposed to be subjected 
to the action of two simple stresses, and p„, as shown. 
The stress ellipse enables the magnitude and direction of the 
fesultant stress u])on any i)lane .such as EF to b(' at once 
determined. 

Let two concentric circles, PQJR and SCTH, be do,scribed ' 
with radii OQ and OG re.spectively pro])ortional to the 
simple stre.sses «and p^. Draw E^Fi parallel to the plane 
EF in the i^per diagram, and OK perpendicular to lOFi 
Draw KZRi perpendicular to POJ, and through M draw 
ML perpendicular to QOR. Then the point Jj lies upon an 
ellipse PGJH, and OL represents in magnitude and direction 
the resultant stress upon the plane, EiOF'^ due to the simple 
stressejs pj and p^- For any other inclination, a correspond¬ 
ing point such as L can bo found by a similar construction, 
lying upon the stre.ss ellipse, giving the corresponding resul¬ 
tant stress for that Inclination. 

If the simple stresses arc unlike in sign—that is to say, if 
one is tensile and one conipressive—then the dotted line 
OK' will represent the resultant stress. 


More General Case of Princfpal Stresses. 

• • 

The case of a single normal stress aiyl two equal shear 
stresses at right angles hsft already been considered on 

p. 20. 

It is now proposed to deal with thp case of two nflrmal 
stresses and mutually pePpendicular equal shear .stress^? as 
shown in Fig. 8, in which PQRS represents? a very small 
block of the material of unit thickness, suljjis^cd ^ two 
simple tensile stresses Pj and p^, and to twft equal shearing 
stresses of intensity <7 actine at right angles 
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The dirjiotions of the principal planes, and the values of 
the normal principal stresses are required. 

If EF be a principal plane at 0 to the direction of Pj, and 
if p be a principal stress on this plane, then the conditions of 




, Fig. 8 . 

* < 
equilibrium of any small triangular wedge such as ABC, which 
' has sides parallel to the sides of the rectangular block 
and to EF respectively, will be as shown in the lower diagrapi 
of Fig. 8. It will be seen by resolving the stresses, eqijating, 
and'simplifying, that— 
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tan 20 =- 


2q 


Pi Vi 

and *■'/• 


The directions {0) and magnitudes (j>) of the principal stresses 
are thus determinate. 

The planes EC and EiR' of tl>e principal stresses are at 
right angles, and the greater value of the principal stress 
^corresponding to the ))ositive root occurs on the plane EF, 
whilst the negativ(! root value of p corresponds tti the smallci 
principal stress ocamrring on the jilanc Fd]<'i. 

The maximnu^ shear stresses, as bi'fore, occur upon planes 
inclined at 46°,to the principal planes, and the value of the 
maximum shear stress is— 


Properties of Beams. 

In the following considerations, the mort^ im])ortant pro¬ 
perties of heams will bo briefly studied, from the ])oint of 
view of the sid)ject of the properties of materials, since many 
of the materials are employed in automobile and aircraft 
worh^ in the form of beams ; moreover, beam tests upon 
representative samples of certain materials, such as those of 
cast iron, timber, etc., form an imy)ortant branch of the 
subject of testing of nmterials. 

A knowledge of the str('sses and deformations of loaded 

* •. 

beams is essential to a corrett understanding of the ])ropertios 
of materials employed in*tht^form of lioams; in the following 
considerations, the princijjles, and re.‘tidts tteducible froiy 
same, will be consideretl, in many*cases without the anajytical 
proofs. 


Bending Moments and Shearing Forces. 

When a beam, loaded in any manner, is ^ujjjjprtt^ at one ' 
*or more places, then the algebraic sum of%ll of the vertical 
load components to the right, or to the left, of the section 
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considered, is termed the Shearing Force, usually denoted by 
tha letters S.F., at that section. Thus, in Fig. 0, which 
represents a beam supported at each end and loaded irregu¬ 
larly as indicated by the irregular area NPMA, if any section 



AB bo taken, then the S.F. at this section will bo given by the 
algebraic sum of the loads, say, to the left. If G denote the 
centre of gravity of the load, then the reactions of th(^ supports 

at M and N respectively will be W ‘ ,iwid W • 

t 

If «), denotes the load represented by the area MPf?, 


then— 


S.F. 



or taking the foreee to the right of the section AB- 

» 

/ a \ i, « , W-h 

\a+bj ^ * a + b ’ 


S.F. ^ 


-W-. 


, These forces, to the right,*or to the left, must of cour.se be 
equaf.^ * 

Consider, next, the lAoments of qach of the forces or loads 
acting about aijy section such as AB. The algebraic sum of 
the moments of the forces taken about the given section, to 
the right, or*fo t^e lefi, of the section, is termed the Bending, 
Moment about that section (usually denoted by the letters 
B.M.).. 
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Referring again to Fig. 9, let the distance.'! of th^ C.G.’s of 
the loads MPB and PBN from the vertical line PB* be denoted 
by c and d respectivolj', and the distances pi the supports 
M and N from AB be denoted by x and y respectively. 

Considering moments to the left of AB, first— 

Then the B.M. at AB = AV • ( • x - w, ■ c, 

or considering moments to the right— 

B I\r. at AB - - W • + (W - w) ■ d. 

Each of these expressions must be the same, since the beam 
is in equilibrium inider the forci-s acting. 

It is usual to define po.sdme shearing forces as those which 
tend to shcar^ie, right-hand portion of the beam upwards, and 
negative for the left hand downwards. 

Positive bending moments are those which lend to bend, the 
beam, in such a manner that it is concave downwards. It will 
be seen that this corresponds with an anti-clockwise. B.M., 
with tjje usual beam arrangement. 

From the sim))le exam])Ie .shown in Pig. 9, the definition of 
positive and negative B M.’s and S F.’s may be readily 
followed. * 

B.M. and S.F. Diagrams. 

If the B.M. be cstimatt^l at several ])lace,s along the beam, 
and ordinates be set up proportions^ to tlje B.M.’s at these 
points, the curve formed by* joining uj) the extremities of 
these points is known as the }^.M. Diayrarji. 

In the case of a number oi^isolated loads, it *s only neces- > 
sary to find the B.M. values at the points of applicaticvi of 
the loads, and to join up the B.M. ordinates by .stmight 
lines. • * * ’ 

A convenient method of constructing the ’B.M. diagram 
for the above case is to draw the B.M. diagran\^or .*jich of 
ttio loads separately, apd then to acid (figebraically the 
respective ordinates, as shown in Fig. 10. 
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Similarly, the S.P. diagram is constructed by setting up 
ordinatefe proportional to the S.F. at each place along the 




beam. TKe S.F. diagram is shown in Fig. 11 for the case 
of a simple beam supported at the ends and loaded in 
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between. It will be observed that at the point of loading 
the S.F. changes sign, whilst at the ends' it chSin§es valjie 
abruptly; this is due to the fact of the load being theoretically 
applied at a point, whereas in practice the load would be 
distributed over a finite length of the beam, and the change 
of S.P. would then be more gradual, being represented by an 
oblique instead of a perpendicular line. 

The S.F. diagram for the case of isolated single loads, as 
shown in Fig. 10, may be constructed, similarly to the B.M. 
diagram, by adding algebraically the ordinates of the S.F. 
diagrams for the loads considered separately. 

For distributed loads, the B.M. diagram is always a curve, 
over the di.stributed portion; if the distribution is uniform, 
it is a parabolic cufve. The S.F. diagram in this case consists 
of an oblique'wtraight line. 

Examples of B.M. and S.F. diagrams for the more common 
cases of loaded beams, which occur in practice, are shown in 
Figs. 12 and 13, together with the maximum value.s of the 
B.M.’s, S.F.’s, and deflections. 

Graphical,methods for constructing the B.M., S.F., slope, 
and deflection diagrams for beams loaded in any niann<‘r,* 
are given in the author’s “ Design of Aeroplanes ” (Sclwyn 
and Ot)., London). 

The Stresses in Beams. 

A study of the internal stresses in the case of a loaded 
beam necessitates a knowdedgo of" the B^M.’s and S.F.’s at 
all points along the beam; the methods of obtaining these 
quantities have already been considered. 

A rough general idea of the stresses acting iiPa beam under, 
load may be obtained by considfering the case of a Jream 
supported at its ends and loaded in the* middle, as shown in 
Fig. 14 (A). 

It will be seen that the upper side tends* to shorten, or 
compress, whilst the lower side tends to lengthen, or^xtend, 

* * Also seoi “The Strength of Materials,” E.^. Anilrews (Chapman Hall 
and €o.); “Theory of Stmetures," Professor Morley. 
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TABLE VI. 
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Maximum Bending 
Moment. 

Maximum Shearing 
Force. 

Maximum Deflection. 
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under tensile action. There will evidently be one layer, 
sitiuated ilbar the centre of the beam, which neither extends 
fior compressed. 



I’lo. 13. 


The axis of the section at which this effect occurs is termed 
the N^j.tralAxis, and the layer concerned the Neutral Layer. 

An impo'rtaht.ijropfcrty of the neutral axis is that it alway* 
passes through the centre of gravity of the section, 
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Consider next the two equivalent forces acting upon any 
section xy of the beam. If the beam be supfosed cut .at 
this section the dispositions of the forces preserving balancS 


TABLE VII. 


Maximum Bending 
Moment. 

Maximum Shearing 
Force. 

Maximum Deflection. 
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will be readily seen to be •those shown in Tig. 14 (B), aira to 
comprise— • , 

(1) A compressive force above the neutrgloj^is, 

* (2) A tensile torce below the neutral axfb, F. 

H^) A vertical shear force, S. 
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C 

The moment of the couple due to the forces C and F is 
called th'e fhoment of resistance of the stresses acting, or of 
the section, and the following relation holds: 

Moment of resistance! nr . 

of the section / ^ the section. 

The Engineer’s Beam Theory. 

It has been assumed that there are two equivalent tensile 
and compressive forces, F and C respectively, which resist 
the external B.M. due to the loading of beam. Actually, 

X 



Fig. 14 .— Stresse-s in Loaded Beams. 


however, there, is a distributed stress over each part of the 
cross-section of the beam, the'stress being tensile below, and 
compressive abo^'e. Moreover, the distribution of stress is 
’ such that it is zero at the lieutral axis, and increases to 
maximum values at the furthermost parts of the section. 

A very valuable, yet simple, theory, the results of which 
are widely employed in engineeAng design practice, is based 
upon the foflowing assumptions—viz. : 

1. Thf^,' the material of the beam is perfectly elastic both 
in tension and in compression—that is to say, ^ it 
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follows Hooke’s Law*—and also it has the^j(,mc value 
of Young’s Jlodulus (E) for both teijsion and com¬ 
pression. • 

2. That a cross-section of the beam, which is plane bc'fore, 

is also plane after bending. 

3. That the limit of elasticity (or Elastic Limit) is not 

exceeded by any of the stre.sses. A eci'tain amount of 
criticism has been basefl tipon the failure of the 
engineer’s beam theory to predict “ breaking loads ” 
and phenomena beyond tlu^ Elastic Liniit4 this is, of 
course, incorrect, as the assumptions uiKUi which^ 
th(^ theoi'Y is based ajjply only within the Elastic 
Limit. 

4. That eveiy longitudinal layer is free to contract o*’ 

e.xteiAl und(‘r stre.ss, either laterally or longitudinally, 
just as it the layers were separate. 

That the initial radius of curvature of the beam is very 
largo compared with the dimensions of any eros.s- 
soction. 

One of the first conseijuences of the.se assumptions, more 
particularly of (1) and (2), is that the distribution of .stress 
across the section obeys a linear law of variation—that is to 
.say, it vages direcitly as the tlistancc from the neutral axis. 
Thus, if p ^the stre.ss (tensile or comjiressive) at any di.stance 
y from the neutral axis, then— 

* p^k-y, 

ft ft 

where I: is a constant depending upon the value of the B.M. 
and of the shape of the section. The vajue of the stress p 
at any given distance from tlfe neutral axis will vary directly * 
as the B.M., and inversely as the moment of inertia oi the 
section. * 

It is not proposed to giv? analytical proofs of these formula) 
here, owing to the limited scope and the nature *of the chapter, 
but rather to confine attention to results obtjiift^ b^ their* 
Use. 

* Vide p. 8. 
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Stresses naiocoss the Section of a Beam. 

" The following formula, then, holds, under the given assump 
tions— 

M 

where p=the stress at distance y from the neutral axis, 
M~B.M. at the section, 

I -= Moment of Inertia of the section about the neutral 


Units Employed: 

If M be expressed in pounds inches, I in (inches)^, and y in 
inches, then the stress p will be in pounds per square inch. 

If M be expressed in kilogramme centimetres, and I and y 
in centimetre units, then p will be the stress in kilogrammes 
per square centimetre. 

It will bo scon that the value of the stress occurring depends 
largely upon the shape of the section, and that sections having 
a large moment of inertia about the neutral axis will have 
smaller stresses for a given depth and B.M. Values of the 
moments of inertia for the sections shown in Fig. 15 are given 
in Table VIII. 

Economical Sections: 

From the point of view of material economy (which is an 
important one, from the automobile and aircraft points of 
view), it is dosiiuble to design beam sections so that their 
moments of inertia, for a giveji dgpth, are as large as possible. 
This is effected bj massing the material as far away as possible 
from the neutral axis. . 



and it is a measure of the mornent of resistance which the 
material of tlie section offers to bending^— 

for M =» • 

^ y 

Sometimes denoted by the symbol Z. 
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Special Cases: 


1. In the case of a square beam section of sMe a- 


I =|2 y = 


so that 


' O' 


2. For a rectangle of breadth b and depth d — 

T ^ ... I 

1 "To" S-nd M so that - = t.-. 

12 •' 2 y 0 


3. For a square of side a with diagonal along neutral axis- 

1 ^rr> and w= , , so that - y. r or - 

12 ^ 72 y 1)72 12 

4. B’or a circular section of diameter d — 


Trd* d ,1.1 

and y so that . 


()4 


TABLE Vllf. 

Moments of Inertia of Solids. 


Type of Body. 

! Moment of 
Inertia. 

Radius of 
Gyration. 

Circula^diac about perpendicular central 
axis. Maiis = M, radius— 

; My2 

2 

\ -!L 

sf'Z 

Elliptical disc about perpendicular central 
axis. Mass=M, major axis=a, minor 
axis —6 • 

a2 + 62 

M-,- 

Va2+i2 

Sphere about a diameter .. 

• • 

5 

1 

Rod of length 1 about perpendicular axis 
through centre • , 

• 

w 

• 

12 

1 

^Jl 2 

Rod of length / about perpendicular axis 
through end 

.. 3 

1 

n /3 

Cylinder about perpendicular axis. 
Radius = f 

M .-2 I 

2 • 

r 

^ne about axis perpendicular to its 
•height / through apex 

M /2 , < 

’T • 1 

^ 1 

\/3 
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Properties of Sections. 


No. 

j Moment oj Inertia 
\ about Doited Axis 8 
through C.G. 

! Radius of Gyration 

\ Strength Modulus 
Z. 

I 

bd^ 

12 

0 ‘ 2 ^gd 

1 

bd^ 

6 

2 

36 ( 6 + 

drb+ 2 bn 

" ‘ 3 Li + i>, J 

'dx/ + ^ 

d2[i2+4Mi + il 2 ] 
i8(i4-6‘) 

3 

hd^ d 

. a-= 

3<^ 3 

! o-2,?57rf 

, bd^ 

18 

'1 


o-456a 

. 8 ‘ 

5 

12 

o -2 89 rt 

12 

6 

mH^-p)+ 

h(p+‘^\)] 

bb-fi i- bidi{d+ ' 
2 [bd-{b^b^)d{\\ 

1 

j 

I , I 

7 

bd^ - {b- 

12 

where .i ^ 2 a+rfj 

' / bd‘^-{b-b{)d^^ 

V i 2 [bd-{b-h^)dy] 

- {6 - 
6 (i 

8* 

"■ d' 

64 

' 0 ' 2 $d 

' wd^ 

3^ 

9 

Ellipse 

J bd^ 

64 

0 ' 2 ^(\ 

t) 

3'^ 

lO 

d*rw “s n ‘ 
ihLs 9 jrJ 
= 0‘Oo69ff^ 

2 rf 

a— =o- 2 i 22 a 

S’T 

0 ' 1 ^ 2 d 

c 

1 , 1 
and , 

ad’' 

2 ” ^ 

11 1 
Parf*- 
bola 

6/>3 V. 

175 ■■ 1 

0 * 2619 ^ 

( 



• Fc^ an annular circular section for which outside diameter = d 
and inside (y^cc\Citv^d-^\ 
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5. 

A— 


For a thin hollow circular section of diameter d and area 


i=; 


A-d 2 


and y so 


that 


I 

y~ 4:’ 


The relative strength moduli of beams of equal area having 
the sections given in (1), (2), (3), and (4), will bo (calling the 
area unity in each case) as— 


J '2 -72 1 

^ • () • ‘12 • 4 ^’ 

or as^— 

M7f> : 1-Cf)2 : 0-831 : 1-000. 


Shear Stress in Beams. 

Hitherto, the normal tensile and compressive stresses (due 
to bending) only have been considered in detail, although 
it has been shown* that a vertical shear stress must exist 
along any section. 

This shear stress must be accompanied by an equal shear 
stress acting at right angles to it^—that is, along the length 
of the beam. * 

Now the shear stress, as in the case of the normal stresses, 
is not uniform over any section; it can be shown, by analy¬ 
tical methods, to vary across the section, according fo the 
shape of the section, being a maximum at the neutral axis, 
and a minimum at the outermost parts of the section. 

The value of the horizontal (and also the accompanying 
vertical) shear stress at any distance from the neutral axis, is 
given by— 

S ■ A - y. 

6 - 1 . ’ 

where S =total shear stress on the section due to bending, 

' A =arca between the point of section at which q is 
considered and the outermost part of section. 

. (Tnis area is shown shaded in Fig. 16.) 

j/o is the Tistance of the C.G. of this area from the neutral 


* Vide p. 20. 
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axis, b =the breadth of section, and I =its moment of inertia 
about the neutral axis. 




ir 



FlO. 17. -SinSAR StRES.S over ItErTANOUL.VR llE.AM SECTION. 


Consider the case of a rectangular section^ ^.s .sheVn in' 
Eig. 17. The shearing stress q at any'plaije .situated at a 
distaitce y from the neutral axis is given by— 
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IhP 


At the neutral axis ij - -0 and q 


3 S 
2' bd' 


At the outermost layer (/~0. The intensity of 

shear stress variation for a rectangular section of the propor¬ 
tions shown in Fig. 17 i.s illustrated in th(> diagram on the 
right-hand side. 

For a cTcular section the maximum shear stress, at the 
4 

neutral axis, is ^ of the mean. 


I-Beam Sections. 

The distribution of shear stress, over the .section of an 
I beam, of the proportions showTi in Kig. IS, is illustrated in 
the scale diagram on the right-hand side. 

Employing the previous notation and that of the diagram, 
the intensity of shear strc'ss in the flang(‘, at a distance y 
from the neutral axis, is given by— 

,s /n 2 , 

At the inner edge of the flange y ,, and then—” 

S/l)2 d^\ 

For the web, if y^ Be the distaiice from the neutral axis, 
the intensity of shear stress— > 

At the centre y - 0, and— 

At thejeaer edge of the flange (whore the web ends)— 
and | • (D 2 _ ^ 2 ). 
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It will be observed that the shear stress changes at this 
place hj' an ainoimt equal to ^ times its valuofor the flange. 

It will also be seen tha^ the intensity o? shear stress is 
nearly uniform ov(>r the web, and is considerably greater than 
in the flanges. 

For most ])raetical purposes it is sufficiently accairate to 
assume that the ueb talces all of tlie slu'aring foree due to 
bending, and that the flanges take all of the normal stresses 
due to the bending moment. 





It should be remembered that the Vertical shear stress at 
any place is accompanied by .In eijual horizontal shear stress 
at the same ])lace. _ , 

This horizontal stress must be ffiikcn into .account in the 
case of built-up, glupd, riveted, or joiiled beams, foi^ the 
rivets, glue, or joint materwls have to rfi'thutand this sheaiing 
stress. This point is often overlooked in design work, fre¬ 
quently with serious oonscquences. flhe oflect of rovjnding^ 
the comers of the I beam, upon the shear-intensity diagram, 
is shqjivn by the dotted lines in Fig. 18. 
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' Web an^..^7®nse Stresses. 

For the simple I-beam section shown in Fig. 19, and with 
the notation indicated thereon, the moment of resistance may 
at once be computed. 

Assuming that the web takes none of the normal stresses 
owing to its relatively small area compared with the flanges, 
and denoting the mean tensile and compressive stresses upon 
the upper and lower flanges by /( and respectively, then^— 

Moment of Resistance =^Ai ■ h ^ A, ■ ■ h. 

—B.M. at the section. 

So that 

Ac /t 

where A,, and Ac are the respective areas of the flanges. 



The areas of thp flanges are therefore inversely proportional 
to the stresses to which they are subjected. 

The safe shearing stress q 

where S - total S.P. on section, 

, ' a -area of web. 

R is usually fou'nd in practice that the area a given by this 
method gives a much thinner web than can be actually 
employed. ,,The size of the web is then governed by local 
buckling conditions. ' i 

If the web has an appreciable area compared wibh the 
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flanges, as in the case of cast-iron beams, and aeronlane wing 
spars, then the following relations hold: 




Vo 

- ■ h 

‘/.+A 





7.+A 




K 

“ A( + a 

A-A 
" V. ' 



Ajj. 

= A„ -y +a 
Jt 

, A-A 
'■ 7." 

The values of 

the strength moduli are given by- 


Z, -/i 



for comjwession, 

and— 







[a.+( 


1 for ten.sioti. 


The moment of resistance, or B.M., -Z^ -/t fhe 

case of thin flanges, liable to local or secondary buckling 
stresses, under compression, it is usual to take a value of 
/o at from 50 to 80 per cent, of the value given by crushing 
tests of short specimens. In the case of beams with thin 
webs, which, however, are sullicicntly strong to take the 
shear, it is usual to locally stiffen same, by means of suitable 
webs, side-members, etc. 

Some typical examples of economical solid and built-up 
beam sections, as employed in practice, are shown in Fig. 20. 


The Resultant Stress in Beams. 

The shear and normal Stresses in beams under load have 
each been considered separately, and it now remains to study 
the combined effect at each pari of the section of these 
stresses. 

The stresses which ocoiir at any ptfrt.of the section^aro 
those shown in Fig. 14, and consist of— 

1. A normal stress, either tensile or oomnressiv*. 

2. A shear stress acting horizontally. 

3. An equal shear stress acting vertically. 




^Sennon AB Seer,on CD Secr/onSF 

Riftt/ Dj*ifq,b/e Bvt/r-i,p Beo/r? (Atvm/nii/m Al/oy) 
* 

Fio. 20 .—Economic-^l Beams. 
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The resultant or jirincipal stress corresponding to these 
stresses acts normally to a plane,* the, inclinat»)n*of whiph 
depends ui)on the relative values of the component stressot; 
—that is, to the locality of the part of the section at which 
they arc considered. 

Fig. 21 illustrates the manner in which thc^ principal 
stresses occair over the section of a beam, the right-hand 
diagram showing the rc'sultant of the stresses shown in the 


other two diagrams. 



Dia^ ram C>/o c^ram Srf'sss 


Fiu. 21. -Tub Rksultint Stubssks !.-< .c Be..\m. 

• 

It a number of such sections be treated in tliis way, a series 
of curves, showing the directions of the principal stresses, 
can bo obtained, simila* to that shown in Fig. 21a. The 
concave-upwards curvos*marked positive^ are compression 
stress directions, whilst the concave-downwards curves marked 
negative are tensile; the* example shown corresponds with 
the case of a uniformly loaded beam supported at its ends.. 
Fig. 21 b shows the manner in w'hich the shear and normal 
stresses vary along the span of a loaded beam suppprted 

flrt its ©rids ^ * 

It will be observed that the shear stress diagram vanishes 
at the centre section of the beam, whUst the norm4 stress, 
reaches its maximum values, whereas at ,tKe eRds of the 
* Vide p. 20. 
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beam the,^ shear stress is a maximum and the normal stresses • 
zero. The effect upon the directions of the principal stresses 
is clearly showp in the diagram. 

Deflection of Beams. 

Having considered the stresses occurring in loaded beams, 
it now remains to study the effect of the strains produced. 

Upon the same assumptions that were made in the case 
of the stresses, as regards stressing within the elastic limit 
and in connection with plane sections remaining plane after 

C 


A 


D 


lA Centre Secr/on 



Fio. 21 a.— A, Lines oe Principal Stresses in Loaded Beam ; 

B, Distribution ok Shear an.i Normal Stresses. 

bending, it can be shown that the curvature* produced by 
bending is proportional to the bending moment and inversely 
to the moipent of inertia, and to the modulus of elasticity— 
that is: 1 M 

R'^El’ 

< Adhere R = radius 6f curvature,^ 

Es^ Young’s modulus, 

I =Moment of inertia about neutral axis, 
iVl = B?ndii.g moment 

* Hero “curvature” is used in the sense that it is inversely progortionsl ' 
to the radius of curvature. 
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But it has been sliown tiiat 

M p 

I ~y 

so that— 

1 M p 
R KI 

It follows from this that if the 15.M. is eon.stant for all 
places along the beam, then the beam will be bent uniformly 
to a circular are. 



Mathematical Expression for Curvature, Slopf, and Deflectiqji. 

If distances along the span (Kig. 22) from a,given origin 
be denoted by x, deflection.s at x, perpendicular to the initial 
length of the beam, by u, and the angutiH' sloj)e^ at** of the 
beam by B, then the following relations hold: 


I. 
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\ u _de 

•' < R “ET ~dx • 

' e=— 

80 that— dx 

and— ^ ■ ^yll ■ 

It is usual to choose the origin at the point of loading or 
of support, and to express M, the bending moment, in terms 
of the dist&nco x and the loads. 

t Example .—Find the slopes and deflections at the centre 
and ends of an uniformly loaded beam supported at the ends. 

Let w =the uniform load per foot run of beam; 

I =span of beam. 


Taking the origin at the centre, the B.M. at any point 
situated at a distance x from the origin is given by— 

lyj 

The slope— ^ ^ 

a _ /'M rw/P' A , wx (P 'x\ 

At the centre x -0, and there is no change of slope. At 

the ends x=i and 6 

2 24EI 

(It should be noted that if w is in pounds, E in pounds 
per square inch, and I and I are fh inch units, the slope 0 
is given in circular measure, or radians, 1 radian being equal 
to 57-296“.) 

The deflection— * 




W /"fPlS 

■3 




wx^ 

sEI ■ 


/P a;2\ 

V2"37- 


A't the centre, tljj; deflection will be given by putting • 

X =2< since the origin is there. Then— 

» . 5 wP 

. ““384'ET’ 

Similarly for other types of loading. 
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Special Cases of Loaded Beams. 

It can be shown that the greatest slope of any loaded bcapi 
can be expressed in the form— 




Wf2, 
Kl ’ 


and the greatest deflection by— 


-b • 


El’ 


where a and h are constants, W the total load, and I the span. 


TABLE IX. 

Values of Constants in Slope and Deflection 
Formulas. 




Value of Co7i>^lani. 

Type of Beam. 

Loading. 

a. 

Deftecllon 

h. 



In dfn 

In Urn 





• a 




Cantilever of unifiirni 

Single load at 


i 

section. 

end. 


Cantiloi'er of uniform 

Uniformly disti'i- 

\ 

i 

section. 

butod load. 

Beam of uniform section 

Single load at 


1 

supported at ends. 

centre. 


Beam of uniform section 

Uniformly distri- 

A 


supported at ends. 

• buted load. 

• 



The deflections of a beajn subjected to more than one load 
is equal to the algebraical sum of the deflections due to the 
separate loads. 


Shape of Bent Beam (Trai^verse Bending).. 

When an initially straight beam is bent, tl^ longitudinal 
filaments on the compression side of the neutral axis l^pcom* 
“bulged,” whilst the tension side filaments’beijbme con 
tracted, with the net result that an originally rectangulai 
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section approximately assumes the shape shown in Fig. 14, 
for thtf case of a beam supported at the ends. 

■Since the lateral strain :^<r (longitudinal strain), where a 
is Poisson’s ratio, it follows that the transverse radius of 
curvature will be o- times the longitudinal radius, or Ro-. 

In practice, the assumption of freel)- extending or con¬ 
tracting filaments doe's not hold for most materials, and for 
wide beams, such as flat stri])s. 


Work Done, in Bending a Beam. 

, The resilience of a beam is measured by the sum of one-half 
of the products of the B M.’s and the angular slopes according 
to the relation— 

E -Jim ■ (W ■ dA 

or to the sum of one-half of the products of the loads into 
the deflections caus 'd by the loads. 

E - ' di^- 

^ ♦ 

It can bo shown that in the ca.se of a rectangular beam 
of constant section, subjected to a uniform B M.— 


where /„ =maximum stress at the outermost fibre, 
V volume of beam. 


Stresses due to Torsion. 

^ When a paif of equal, but opposite, couples are a[)plied to 
the ends of a rod or shaft, and which act about the axis of the 
shaf^, the stress carried is one of pure shear, and the shaft is 
saidt to bo subjected "to torsion, tljo moment of the couple 
being termed 1;he torque. 

The^intensity of the shear stress, in the case of a circular 
shaft, varirs'flom zero at the centre to a maximum at the 
periphery, the distribution being that shown in Fig. 23 (c). 
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The shear strains caused will also follow tho_i^ne law of 
distribution. 

The .shear stres.s at any radius x will b# given by— 



where c/, - slnvir strc'ss at radius r. 



If T the a[)j)lied torque, tlu'ii-- 


TTf/, 

2 Hi’ 

where d^--2r^the diaint^le. of the shaft. 

For a hollow shajl of external and internal diameters d 
and resjiectively, the inaxynuin shear stress q at the peri¬ 
phery is given by— 

n. _zf 

^ lb d* ’ 
lOTd 

The maximum intensity of .stres.s is altererf very little by 
removing quite an appreciable amount of ^njaterial from"^’ 
•around the centre. Thus the relative’ valSes of*the maxi- 
inura stresses, for a given torque, in the cases of a solid 



C: 
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shaft, and hollow shaft of the same outside diameter, but 
with the inside, diameter equal to half of that of the outside, 
are as 15 to 10 ,’'os])cctively. 

The relative weights are as 4 to 3, and the relative 


ratios 


maximum shear stress 


are as 3-75 to 5-5, so that the 


weight 

hollow shaft is considerably the stronger for its weight. 


Angle of Twist. 

The anglij of twist d for a length I of shaft, of diameter d, is 
given by— 

</> • / (where </> ^-longitudinal twist) 

;'r‘- 

Whence d - . 

For a hollow shaft of external diameters d and dj respec¬ 
tively— 

32TM 

^ 7rC[d'‘-(V]- 

Note .—The angles d and we given in radians. 

Units. —If linear dimensions such as I, d, dy, etc., be in inches, 
T in pounds inches, C in ])ounds per square inch, then the 
shear stresses, such as q, will be in pounds per square inch. 


Horse-Power Transmitted by Shafting. 

The preceding results may be applied to practical engin¬ 
eering cases for ascertaining the dimensions of shafting or 
members transmitting torque, or power. 

In order to determine the diameter (d inches) of the solid 
shaft which will transmit a given horse-power (H.P.), it is 
necessary to know: (1) the revolutions per minute (N); (2) the 
mdrerial of the shaft; and (3) the permissible factor of safety. 

The higher the revolutions, for a given H.P., the smaller 
will be the torque, and therefore the diameter of the shaft. 

i_r p Torque (pounds inches) x N 
«3030 
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Factors (2) and (3) determine the value of the ^car stress 
q. Materials possessing a high ultimate tensde 'strength will 
require smaller diameters, and if the torque^ is a fluctuating 
one, or is applied frequently and suddenly, the factor of 
safety will be higher than for steady torques; it is always 
the maximum value of the torque which should be considered 
in such cases. 

The diameter d is given by— 

/H P 

d=C8-6\/„ ' inches, 

q =the greatest permissible shear stress in pounds square inch.. 

For steady torques q =9000 pounds square inch for wrovqht 
iron, 4500 for cast iron, 10,500 for mild steel, 13,500 for cast 
steel, 19,000 for untreated nickel-chrome steel, and 33,000 
for air-hardened nickel chrome steel. 

For varying torques, much lower values of q must bo taken.* 

ombined Bending and Torsion. 

Maijy examples occur in aeronautical and automobile 
work of shafts which are subject to a lumding action in addi¬ 
tion to that of torsion. For example, any overhung shaft 
transmitting power by torsion will be under bending action 
duo to the weight of the overhung j)art or connecting-rod 
thrust. The crank-shaft of an engine is subjected to the 
bending action of tlie ^connecting-rod thrust, and to the 
'torsion of the crank. Aiother common example is that of 
a shaft having a pulley, the belt on \fhich exerts a pull upon 
the shaft whilst running. • lt»the bending moment is appre¬ 
ciable compared with the tojque, its elfect should always be 
taken into account, iiloreover, thc*maximum values of those 
quantities should bo considered, and nci the mean values, 
for in many cases, notab^^ those occusting in ptdrol engine 
work, the torque varies, sometimes considerj^bly during a 
working cycle. 

I The following table gives the ratios .of tjhe’ iTic«imum to 
* See p. 56. 
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mean values of the torque upon the crank-shaft in the case of 
different tyfles of petrol engine. The bore and stroke in each 
case are 3 and‘4 inches resi)ectively, and the constant speed 
1000 R.P.M. The ratio of connecting rod to crank is 4-0. 


'I'ABLE X. 

Petrol Engine 'Torques. 


Tyi)C of Engine. 

Maxi mum Torque 
Value. 

Ratio 

Maximum Toiquc 
Mean Torque. 

Single-cylinder 

Pounds Feet. 

204 

00 

Two. ojdindor vertical. (Cranks 
at 180^) 

204 

4-0 

Two - eylnnlcr opposed typo. 
(Cranks at 18(l°.) 

204 

:i-o 

Two-cylinder 00'^ V tyjio. (Single 
crank.) 

21)4 

4-0 

Four-cylindiT vertical, fCranks at 
0°, "180“’, 180 °, 0 °- ordinary 
motor-car typo.) 

204 

2-0 

c 

kSix-cylindor verticnl (Cranks at 
0°. 120°, 240°. 240°, 120°, 0° 
ordinary motor-car tv pc.) 

204 

1-4 


When a shaft is under coinhined bending and twisting 
action, there will be at any cross-section a direct tensile or 
cninprc.ssive stress varying from zi'ro value at the neutral 
axis to a inaxinuini at the furthermost jiarts of the section 
or periphery, and a shear stress varying fioin zero at the 
centre to a maxiuiuin at the periphery. 

The intens'ity of the normal '^stress on the surface is given 
by^ 32M 

«■ P^7r(P’ 

and of the shear stress at the same place by— 

t 

16'T 

These stresses occur in different directions, and further 
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there is another accompanying shear siress q acting at right 
angles to the one aboce mentioned. ^ 

These stresses may be combined by the ijiethods already 
considered, and the prin(dpal stre.ss values r will be found to 
be given by— 




Hi 

TT(l^ 


[M ± V'D + M2j- 


The resultant stress r will be seen to lx- similar to that 
eau.sed by ,a sinqle equirahnt boulhxj moment of value 
.! [M ± ,^/T2 + .\12] or by a single eqiiimldil Iwintinq movnnl of 
amount [.M + ^^2 + ^12], The resultant stress r is, however, 
a normal stre.ss, the positive root value eorn-siionding to the, 
maximum, and the negative root value to the minimum 
principal stre.ss, which occurs at right angles to tin- direction 
of the former. 

The greatest shear stress due to p and (f acting together 
is given by— 


v,„ - r + 




p‘ 


v/ 


lM2 4 7 2 


and occurs over planes inclined at 45' to the jdanes of prin- 
ci})al .stre.ss. 

'I'hc maximum princi])al stre.ss value is usually considered 
as being the working stress in the shaft, whihst the maximum 
shear stre.ss determines tl^p manner of failure, when the shaft 
is loaded to rlestnietion. 


Work Done in Torsion. 

The mean resilience of a sl»ift under torsion i.< given by-- 


w ^ !, T 


q- 7 r(P • 


1 ()( 


i per unit length. 


Or mean resilience per unit volume whc%e^r/ is the- 

sfiear stress at the circumference. 
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Struts apd polomns. 

,, Although this subject is chiefly experimental, yet many of 
the formulae fov expressing the strength of struts are based 
upon theoretical considerations, and will therefore be con¬ 
sidered in the present chapter. 

When a short column* is compressed, the crushing strength 
is well defined in brittle materials, such as cast iron and 
timbers, but is not so evident in the case of ductile materials, 
like mild steel, owing to the lateral yielding or flow of the 
metal. < 

When the length of the column or strut is at least two 
times the least cross-.sectional dimension, and above, the 
column fails in quite a different manner under end-loading; 



Fio. 24. 


the first sign of yielding is a alight flexure to one side. 
When this state occurs, there is not only a direct com¬ 
pressive stress over any .setdion XY, but tliere is also a 
bending moment of amount /c • A • d, the effect of which is to 
superpo.se an additional tensile stress upon the convex side 
Y, and a further compressive stress u]>on the concave side X. 
When sideways flexure once commences, it usually continues 
until the strut finally breaks down with very little additional 
load. ‘ 

There are certain 'formula} for expressing the crippling 
loads of struts, which arc; Iwsed upon the assumptions of 
perfect honiogcndty of the material, perfect initial straight¬ 
ness of the strut, and correct centrality of the loud; those con¬ 
ditions are only approximated to in practice, for struts arc 
seldom entirely straight or are loaded quite centrally. 

In all case^ in which the length is greater than one and a 
half times the least cross-sectional dimension, the member 

4. 

must be*trbated as .a strut, and not as a simple compression 
block. 

* F()r tliG rnHults of tests upon sliort columns seo p. 102. ^ 
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Failure ol Thin-Walled Tubes.* 

In the case of thin hollow columns, such as» motal tubes 
and hollow spars, if the thickness of the mateAal is loss than 
a certain proportion of the least sectional width, the strut 
will not fail in the juanncr indicated above, but by a local 
buckling or secondary flexure, which occurs at a much lower 
value of the crippling stress than if failure occurred by side¬ 
ways flexure In the case of metal tubes, the thickness 
should not be less than about one-fifth of the diameter, other¬ 
wise pronounced crinkling will occur at the maximum load. 

Formulae for Crippling Loads of Struts. 

Most of the formulaj employed for t>xpressing the breaking 
loads of struts are based u])on rational or theoretically derived 
formulae; but in nearly all cases the constants or coeflici(nits are 
derived from experinusnt, and often embody corrections for 
departures from the hypothetical comlitions assumed. 

All of the better known formula! agree in (!xpn!ssing the 
fact that the value of the crippling load depends upon the 

[.ength of strut ., 

riitio —- ■ ■^—; --— -—, or, cih it 

’ Leas^t moment of inertia ot the eroiis-seetion 

is called, the Slenderness Ratio.^ 

It is well known that a strut always fails hy bending in 
the direction in which the least moment of inertia occurs. 
In the design of struts, therefiire, it must be remembered that 
it is the value of this least moment of inertia, other things 
being equal, which determines the strength of the strut. 

In some formula;, for exa/npl^ the Gordon one, the value 
of the least width is employed in place of Wie least moment 
of inertia, or radius of gyration; the constants being modified 
accordingly. 

; Values of the least radii of gyration for typical strut sections 
are given in Table XI. on p. 61. 

* Also see “Design of Aeroplane Struts,” W II Barling and IJ. A 
Webb, A&ton. Journ., October, 1918 , ^ * 

■f The least radius of gyration is often employed in jilaco of the moment 
of inert]# in this connexion. 
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The irjanncr in which the ends of a strut are fixed affects 
the value of^the crippling load to a considerable extent, and 
therefore in all strut test results the nature of the end fixing 
should be specified. 



The cri 0 fiing load of a given strut having rigidly fixed ends 
is about’four thnes’that of the same strut having hard rounded 
ends. Fig. 24a shows graphically the results givenoby the 


Fig. 2 iA .. —Meial and Wooden Strut Formuue Results (Rounded or Hinged Ends). 
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TABLE XI. 

Least Radii of Gyration of Strut Sections. 

Shapf‘, of Cl os!^-Sec Hon of Strut. Leci<t finhu' of Gijiatiun 

Cii'cular section of diameter^ I> .. .. .. ()*?5 d. 

HoHom' circular section diameters 1) and d .. O-ioVi>“+ d-. 

Square section of Hide--6 .. .. .. .. 0*280 1>. 

Rectangular section Ion? sidc -d; short side - h <)*2S1) d. 

Thin square ceil of sideb .. .. ()‘4(>8 b 

Thin circular coll of diameter- d ,. .. d. 

IClUptical section major and minor axes « and b 0-444 b. 

Equal anule section (shies b) . . .. . . 0*204 b. 

Kqual cruciform section (sides- b) .. .. 0*204 b. 

different formula) for tlio stremgth of .steel and ’east-iron 
struts, with hinged ends. 

Euler’s Formula. This i.s ba.sed upon theorcdieal considera¬ 
tions and is intended to apply to the case of long struts in 
which the slenderness ratio is not le.ss than about 1)0. The 
usual form is as follows: 

7^2 h] [ / ^ \ 2 

The crippling load P » ?i,- tt^MA |)o\ind.s, 

where E modulus of elasticity in ])ounds ]ier stpiare inch, 
I ^^the least moment of iiu'rtia about an axis through tlu' 
C.G. of flie cr(»<s-.section in inch units, I is the length of strut 
in inches, k is the corresponding least radius of gyration in 
inches, and .4 is the cross-.scctional area in s(piar(“ inches 
(I = A-I;2). 

The value of the constant n depends upon the inode of 
fixing of the ends; the following table gives the values of ii 
for the more important emijfixing conditions: 

TABLE XII. ’ 

> » 

Values of Constant n in Euler’s .Formula. 

Mode of End Fixture. ^ Value of n. 

1. Both ends rounded, or hinged, so that strut is free to in- 
chno in any direction, but t lie ends cannot movc^jodily 
. sideways .. .. .. .. ., .. 1 

2! Both ends fixed, and forced to rcwiain jiaralle) to*tlie direc¬ 
tion of the thrust .. .. .. .. .. .. 4 

3 One end fixed rigidly, and the other rounded or hinged* 

but not free to move bodilj^ sideways .. .. .. 2*25^ 

4. One end fixed rigidly, and one rounded or liingod, but froo, • 

to move bodily sideways .. .. .. *. j.. ^>*25 

5. Both ends fixed in direction, but one end free to move 

bodMy sideways .. .. .. .. .. .. 1 
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TABLE XIII. 

‘VALrES OF Elastic Moduli used in Euler’s Formula. 


Material. 

Wrought iron 
Mild steel .. 

Cast steel and alloy steels 
Phosphor bronze ,. 
Aluminium bronze 
Gun-motal .. 

Copper (cast) 

Copper (rolled) 
Aluminium (cast) .. 
Aluminium (plate) 

Ash* 

Sprtice* (silver) ., 
Hickory* 

English oak* 

Elm* . 

Pitch pine* 

Red pine* .. 

Honduras mahogany* 


Value of E. 

{Poun(U per Square Inch.) 
28,000,000 to 30,000,000 
29,000,000 to 30,000,000 
20,000,000 to 31,600,000 
14,000,000 
15,500,000 
11,000,000 

11,000,000 to 13,000,000 
12,300,000 to 10,800,000 
12,500,000 
13,500,000 
1,600,000 
1,800,000 
1,800,000 
1,450.000 
1,600,000 
1,600,000 
1,500,000 
1,3.50,000 


The Rankine-Gordon Formula. 

This formula is intended to apply equally well to both long 
and short struts, and it is so arranged that for very long 
struts—that is to say, by nial<ing the length I ^infinity in the 
formula—it gives values corresponding to the Euler formula, 
whilst for very short struts—that is, when I =-0—it gives the 
ordinary material crushing stress or load. 

The formula is as follows, viz.; 


Crippling stress p -- 


1 +c 




pqunds per square inch, 


whore /c=the crushing stress for very short columns of the 
same material, in pounds per square inch; 

I the length, and k tne least radius of gyration, in 
' inches; 

hnd c ^ a constant depending upon the material and the 
mode of end-fixing. 

The following values for /„ and c represent the average of 
the niorp leliable published values. 

* Average values, along t)io grain, tor good well-seasoned tii^ber. 
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TABLE XIV. 

Values of Constants in Rankine-GordoiJ Formula. 



Valve of Constant 

Value of Constant 

Material. 

fc- 

[Pounds Square 
Inch.) 

c. 

[For Rounded or 
Pin-Jointed Struts.) 

Wrought iron .. 

30,000 

- 

Mild steel 

48,000 

7 ,-'a n 

Hard or cast steel 

00,000 to 70,000 

*' ■' 

1 ll (i u 

Cast iron 

00,000 to 80,000 

Pitch pino* and oak .. 

8000 


Ash* . 

0000 

6 o'fl 6 

Spruce* .. 

,5000 

1 0 on 


Note 1.—When using tho formula for struts witli iixod ends another 
constant Cj = 4c must be used. 

Note 2.-Curves of crippling strengths for different tunliers are given 
in Vol II f of this book 


The Gordon Formula. 

This formula, closely rc.soinbles tho preceding one, the only 
difference being that instead of employing tlie least radiu.s of 
gyration k, tho least width of the cross-section b is used, 
thus; 


for rounded ends or pin joints. 

The relation between the constants in the two formulae is 
as follows—namely: 

c a ‘ 62 

/c2 =p or « ''p 

* 

. The following are tho values of a for certain commo.lly 
occurring cross-sections, thd’valuc of /c being the same as in 
the preceding case: ' 


* Average values, along tho grain, for well-seasoned gopd'grat* timncrs. 
f ** Non-Ferrous and Organic Materials ” 
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TABLE XV. 

Values Gif’ Constant a in Gordon Formula. 


Form oj Secfion. 

of Con.Htani a. 

Mild Sled. Wrot. Iron. 

! 

CVw/ Iron. ' Timber 

Solid circlo .. 

1 

. -1 1 

il„ 1 ,L- 

Solid rcctan«:lo 

1 1 

r> 0 iv 1 7 6 u 


Hollow circlo 

6 <U ; -toO 

1 1 

Hollow rocta^ifile .. 

'Off 1 ii'oo 

1 1 

L,T,H or cruciform section 



with sides equal to b . 

1 1 

‘)oo 4 no 

1 .L 

Built-up sections .. 

1 1 

Ion r>r.i) 

! 

__ 




Approximate Straight-Line Formulae. 

These formula'., whieh depi'iid u])on the assumption that 
between certain limits the curve expressing the relation 

between/e and is a straight line, are employed for approxi¬ 
mate purposes in America. A typical one is the folhnving— 
namely: 

/.('--I.) 

The values of e are as folhnvs: 


Material , 


1 

1 

W^rouqhtlron.l 

6W Iron. 

Mild Steel. 

Timber. 

Value of 0 

'0-0053 

0-0080 
'• 1 

O-OOoH 

o-oo8;i 


T^he values giver., for the constant e, vary in value according 
te different authorities, the differences being no doubt due to 
experimental, errors, and the different qualities of materials. 
Anot/ier straight-line formula for hinged silver-spruce struts 
is given i:i Vbl, II. of this work. 

O 

In the case of struts loaded eccentrically', or subjected to 
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a side or lateral bonding moment, the crippling loads become 
less; for a fuller discussion of these cases and other stfess 

' o 

problems the reader is referred to the following works: 

“ The Strength of Materials,” E. S. Andrews. (Chapman and 
Hall.) 

“The Strength of Materials,” J. A. Ewing. ((Cambridge 
yniv. Press.) 

“The Theory of Structures,” A. Morley. (Longman’s and 
Co.) 

“ Ajiplied Mechanics,” Professor Perry. (Cassall and Co.) 

“ Mechanics Applied to Engineering,” Coodinan. , 

And to papers upon struts, in— 

Proe. Inul. Meek. Emjrs., 11)05. 

Entjinecriny, .July 14, 1005; .lanuary 10, 1008; .July 2, lOOO: 
.January 14, 1010; and March .‘51, 1011 : by Dr. VV. E. Lilly; 
.July 2d and August 2, 1012, by H. V. Hutt; August 22, 1012, 
by R. V. Southwell; September 21, 1017, by A. Morley 
Also nide .— 

“ Sfruts of Conical Taper,” If. A. Webb and E. 1). Lang, 
Aero. Journ., Ajwil, 1010. 

“ Design of Aeroplane Struts,” H. A. Webb and W. H. 
B.arling, Aero. Journ., October, 1010. 



CHAPTER II 

THE PROPERTIES OF MATERIALS UNDER TEST 

The Properties of Materials under Test.—Metals. 

The preVious chapter dealt with the stresses to which 
materials arc subjected as viewed from the theoretical side. 

It is proposed to consiilcr the actual behaviour of materials , 
under different kinds of tests in the present chapter; for 
this purpose it is deemed advisable to deal with the properties 
of metals separately in the present chapter, and to consider 
the ])roperties of timbers and other miscellaneous materials 
in the respective chapters devotc'd to these,* in order that 
sach chapter may be more or less complete in itself. 

Definitions. 

The definition of elastic materials has already been given, j 

Malleability is the property which enables a material to be 
beaten, hammered, or rolled out into thin sheets without 
fracture or detrimental qualities. 

Ductility t is the property whereby a material may be rolled 
or drawn out by tension into a slnallcr section. It is this 
property that is taken 'advantage of when materials are drawn 
out into wire. < f 

Materials ^uch 4s iron, steel, ^ copper, and others, are noted 
for their ductility; these materials also possess a certain 
degree of elasticity and plasticity. 

^Plasticity is the property of a ipaterial in which any stress- 
produces a permanent strain; it is the opposite effect to that 
produced in an elastic material. This property of certain 

* c ■ 

♦ “ Nbii-ForrOus and Organic Materials,” Vol. II. 

+ Tables of Malleability and Ductility are given in Appendix df. 

ee 
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metals enables them to “ flow ” when under th# tafluence of 
certain stresses. The behaviour of lead unfler stress is an 
example of this property. * 

Commercially, the plastic property is utilized in such pro¬ 
cesses as “forging,” stamping, welding, squirting of lead pipes, 
making of white-metal bearings type, etc. 

Hardness* is the power of a material to resist indentation 
by another material. It is usually taken as a measure of 
the resistance to wear, of metals. 

Brittleness denotes the want of dvclilily or mainahility. 

The above properties are not constant for the same material,* 
hut vary, relatively, according to the state of the material; 
for example, the hardness of steel will depend u])on th(' treat¬ 
ment to which it has been subjected. Thus, steel po.sscs.seS 
various degrees of hardness according to whether it is annealed, 
forged or hammered, hardened, or hardened and tempered. 

The property of ductility, it .should be remembered, is not 
possessed by elastic materials. It is only after a material 
has been stressed beyond the elastic limit that it exhibits 
ductility. . 

For engineering purposes a material which idtimately 
shows much ductility, after the elastic limit is ])assod, is to 
be preferred, for in the case of many structures the elongating 
of one member may cause a better distribution of the loads 
upon the others, and thus relieve the load, to .some extent, 
upon itself. 

Behaviour o! Metals in Tension. 

• • 

The simplest test to which a mat(>rial is,subjected in j)rac- 
tice is the tensile one. In nftiny c,ases the tensile test result 
is the sole criterion of the suitability of J;he material fBr a 
given purpose; moreover, there is oftejj a relation between 
'the tensile properties and’the other properties such as the 
hardness, compressibility, or shearing strength,* so that it is 
often only necessary to make a tensile test in ortlar to ffi'duce 
approximately the other essential strength profierties. Thus in 
• For methods of testing hardnesses sec p. 144. 
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th 9 case Mi most mild steels, the “hardness number” is 
related to the ^tensile strength, the tensile and compressive 
strengths are ustially the same, and the shearing strength is 
a definite fraction (usually about 0’7 to 0'7.')) of the tensile 
strength. The quantities usually measured in tensile tests 
are: (1) The values of the tensile stress at the elastic, yield, 
and breaking loads; ( 2 ) the extension upon a given length; 
and (3) the reduction of area at fracture. 

It is interesting to study the, behaviour of a typical metal 
such as mild steel under a gradually increasing tensile stress. 
For this purpose, it is necessary to mea.sure or record the 
corresponding strains, and it is convenient to draw a diagram 
of corresponding stresses and strains.* A specimen of the 
correct proportions^ is cut from the mass of metal, the pro¬ 
perties of which it is desired to know, and the sjrecimen is 
placed in the grips of the testing machim.'f The strains pro¬ 
duced, when the tensile load is applied, are usually measured 
by some form of extensometer'l —that is to say, an instiument 
for measuring, usually by means of magnification .systems, 
the very small changes produced in length. . • 

In some testing machines an autographic apparatus is 
provided for actually drawing to scale the stress-strain dia¬ 
gram during a tcst,§ and the curve exhibits the properties of 
the material right up to the breaking-])oint. Fig. 25 illus¬ 
trates a typical stress-strain curve for mild steel, for both 
tensile and compressive stresses. / 

The strains jiroduced by small stresses are extremely 
small, usually of the order of from about per cent, to 3 ’^ 
per cent, for stresses of about 4 per cent, of the breaking¬ 
load value. ' ' 

As the stress ii< increased upon the specimen, the strains 
increase in proportipp, very nearly according to Hooke’s law, 
right up to a certain value of th'e stress (indicated by A in 

• HD. 3 shows a typical diagram for steel, and illustrates the nomen¬ 
clature on.ployed., - 

t For shapes and dimensions of tost pieces see p. 74 ef sry. 
i See p. 186. § As sliown in Fig. 82. e 
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Fig. 25), above which any further stress incw‘*se^ does not 
Rause a proportionate strain increase. The stress value at 
this point is termed the Elastic Limit. Tlie line OA is straight 
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for iron an^i^ost kinds of annealed steels, but is curved for cast 
iroh, and hardened high carbon and alloy steels, copper and 
similar metals, c 

British Standard Definitions o! Yield Point and Elastic Limit. 

Elastic Limit. —The cla.stie limit is the point at which the 
extensions cease to be proportional to the loads. In a .stre.ss- 
strain diagram plotted to a large scale it is the point where 
the diagram ceases to be a straight line and becomes curved. 

Note .—The ela.stic limit can only be determined by the 
.skilful use of very delicate instruments and by the mea.sure- 
ment of the extensions for small successive increments of load. 
It is impossible to determine it in ordinary commercial testing. 

‘ Yield Point. —The yield point is the point where the exten¬ 
sion of the bar increases without increase of load. 

Practical Definition of Yield Point. —1'he yield point is the 
load per scpiare inch at which a distinctly visible, in<!rcase 
occurs in the distance between gauge jjoints on the test piece, 
observed by using dividers; or at which when the load is 
increased at a moderately fast rate there is a distinct drop of 
the testing tnachine lever, or, in hydraulic machines, of the 
gauge finger. 

Note .—A steel test piece at the yield point shows rapidly 
a large increase of extension amounting to more than 
of the gauge length. The point is strongly marked in a 
stress-strain diagram. 

Beyond the elastic limit, if thc^ stress is gradually increase d, 
the jnaterial suddenly draws ojit, or elongates, by an amount 
usually greater than the whole amount of the earlier elastic 
‘ extension, ^he value of Jhe stress at this point is termed the 
Tieli Point. This^. {)hcnomenon, which is more marked ih 
softfer than in hard gfeels, is indicated on the diagram (Fig. 
2ij) by the portion BO of the curve. In tests upon specimens 
of 8 inches length, or above, the yield point can bo readily 
deteniiinedcby making two centre punch marks at a distance, 
say, of 5 inches'apart, and setting a pair of sharp dividers tb 
correspond. If a series of arcs be struck, ^as the liad is 
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applied, from one point as centre, past the othc*j)oint, the 
sudden elongation is easily discernible from th^ corresponding 
separation of the arcs. , 

The subsequent extensions of the specimen can also bo 
readily measured with dividers and a suitable rule or 
scale. 

Beyond the yield point, ductile extension.s occur, and the 
strains become increasingly greater for the same stress in¬ 
crements. 

It has been found that the gr(;ater part of the ^trains for a 
given stress increment, beyond the yield point, occurs almost 
as soon as the stress is increased, but that there is a much 
smaller part of the strain which takes a certain amount of 
time to develop, the stress being kept constant. This pheno; 
menon is known as creeping.” 

It will bo thus seen that the rate at which the load is applied 
to the specimen influences the amount of the non-elastic 
strain; for this reason the rah:, of loading is often specified in 
tensile tests. 

Another jdgnificant projierty, which aecompanii's the 
strain beyond the yield jioint, consists in a gradual reduction 
of the cross-sectional area, almost in direct projiortion to the 
strain, so that the volume of the test-piece tends to remain 
constant. 

An increased stress beyond the yield point, as previously 
mentioned, is accomiianied by gradually' increasing strains, 
as shown by the portion of the curve f'l) (Fig. 25), and 
the flow of metal continues, until, after the maximum value 
of the stress is reached, th^ flSw increases j this is evident by 
the gradual formation of a ‘4 waist ” at about the centre of • 
the parallel portion of the specimen (Fig. 34). , 

Beyond the maximum stress value,* th*e specimen goofi on 
extending without further*load, and in mitny cases the lolid 
may be reduced, while the specimen draws out mitil it breaks; 

• 

• Here the value is that calculated upon the original cr»sS-8<^tion. The 
diffcrcnco between this “apparent” and the “real” ttross is referred to 
upon I* 80. 
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this effect,is indicated by the downward inclination of the 
cufve at the breaking point D. 

The value of the maximum stress is known as the Tensile 
or Ultimate Strength, the Tenacity or Breaking Stress. 

Elongation o! Specimen.—Ductility. 

The usual indication acc(“pt(‘d as evidence of the ductility 
of a material is the percentage elongation at fracture; for 
many purposes it is usual to specify the limits of elongation 
which the material must comply with. 

, The percentage elongation depends, for the sam^ material, 
upon the shape and length of the test specimen. For ex¬ 
ample, if the extensions be mca.sured upon a round bar of, 
say, 1 inch diameter, and 8 inches length, they will be found 
to be appreciably greater than those measured upon a |-inch 
diameter bar of the same length; this is duo to the fact that 
the greatest part of the elongaticm of a specimen occurs over 
a short distance (from 3 to 4 diameters), about the centre of 
the specimen. 

The table on p. 73 gives the actual extensions, jn inches, for 
each 1-inch length of the specimen, along the whole gauge 
length. The jjlaces of fracture are indicated by means of an 
asterisk, and at these places the local extensions will be seen 
to be very great, as compared with those of more remote 
sections. 

For this reason, it would be mora accurate to always com¬ 
pare results of tests upon geometrically similar specimens;* 
the English system adopted by the Engineering Standards 
Committee employs a standard length of 8 inches, without 
special reference to the cross-sttffional area. Comparisons of 
elongations can only therefore be directly made between the 
sam<^ shapes and sizes of specimens, or of geometrically similar 
sjfecimens. Othel wise, it is nccessfary to apply a correction to' 
the elongatio/is, for comparison pur25oses. 

f 

* One much used on the Continent requires all specimens to be 

similar, according to tho relation 11‘3 Va, where ^ = length and a = cro9d- 
sectional area in the same units. < 
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TABLE XVI. 

Elongations at Different Plaoe.s ai,o*.(; i ensign 
Specimen. (Unwin.) 


Ih^Utuce in Inches from One End of liar. 


MatefKil. 

12 3 

4 

6 i 6 1 7 ■ 8 

9 

10 

11 

12 

RivDtiroa 0-l7;0-ll)r> 0-23 
(10-incli bar) ; ' 

0-51* 

0-2(1 0-2.5,o-2;( 

i i 

0*23 

0-lH 

« 

— 


Axlo :b*Ui|0-l7 0*21 

(I2-inchbar) 1 

0*21 

0-18:0-17| 0-21 o-(i,5* 

0*4(; 

0-17 

013 

0*10 

Brass j 0-23 0*20 ,0-20 
(lO-inohbar) ! ; 

0-30* 

0-21:0-22,0-24 0-21 

0*21 

0-21 


.. 

Luad 0*18^ 0*15 io-30 

f0*inch bar) . 1 

0*17 

0-14 0-22 0-10 0-17 

! i : 

I'oi* 





(n the (‘fi.sp of a tc.st piocc of mild .steel, 8 inclie.s in jiarallel 
length, the extension, at fracture, for the central 1-ineh 
])ortion,wa.s O-dO inch, or dO ]ier cent., whcrea.s on the end 
l-ineh jiortions it was 0-23 inch, or 23 per cent.; the mean 
extension was 34 per cent., reckoned upon the 8-inch length. 

Within the elastic limit for materiaks such as mild .steel, 
iron, and rolled metals, the elongation a' over a given length 
I is projiortional to the stress p, as shown upon page 10, 

The extension per unit length it ^ E • p, where E is the 
elastic modulus. • ' 

If E and p are both in )^ounds or tons per square inch, .r 
and I must be in the .same units (usually indnehes). 

Many materials, such as casi iron,, copper, hardened alloy- 
steels, and cement.s, are not perfectly ela.‘^ic, and thereftre 
(lo not obey Hooke’s law; the extension.'^,injnost cases, even 
for small stresses, are not proportional to the stresses. In 
such cases the extension per unit length X is given by— 

A ^ c • 

Specimen broke at this place. 
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where c_iB a constant, liaving a value of the same order as 
R, and n is ^constant, which is greater than 1 for cast iron, 
coppi^r, zinc, iwad cement, and less than 1 for leather, fabric, 
etc. 

Unwin* has shown, as a result of a large number of tests, 
that [lercentage elongation e -- lOOA can be ex])ressed in terms, 
of the gauge length I inches, by means of the formula— 

e - l()()X + 

where i; aSid b are constants for different materials, and A is 
» (he original cross-sectional area in square inches. 

'J’he following valu(‘s of the constants c and b an? given by 
Unwin: 

- TABLE XVll. 

Valuh.s of Constant.s in Unwin’s Elonoation 
Form ui.a. 


Mato ml. 


TyrcHtucIf 
Axlostuclf 
<«uti-niotai (ffist.) 

IJrasH (rolled) ,. 

Oo|)|)er (rolled) 

Cojtper (rolletl aniiealtMl) . 


1 70-0 

• 

18-0 

1 27-2 


i:m 

1 :v.h 2 


20-0 

1 H<i 


10-0 

1 I0l-(i 


0-7 

( 84-0 


0-8 

’ 12.7-0 


:}.7-o 


Forms of British Standard Tensile Test Pieces. 

« 

Test Piece A (Fig. 26).—The widths of the test pieces for 
plates were selected to comply Vitl? the two following conditions: 
(1) As the%reat bulk of plate* to be te.sted are from I inch to 
J ^ch thick, it was desirable for the sake of convenience that 
the test ])iece.s for such j)lates should be of uniform w'idth, and, 
th accordance with'very general ^mictice, a width of 2 inehe's 
w'as selected. (2) With a test piece of a given form, the 
perCk'iitag^ of elongation was found to be less tor thick plates 

* “ The TustinK ot Materials,” p 100, by W. C. Unwin, 
f Muan values. 
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than for thin ones; with steel of the same qualit^ tin other 
respects it was (lesirabh; therefore to ehof>se widths of test 
piece which would be slightly in favour of thejhieker ])lates. 
This is secured with the wirlths selected for the standard test 
piece of form A. 

Test Piece B (Fig. 27).—Alt test pieces of forms R are strictly 
similar, and for the same material give the same pereentage 



of elongijtion. d’hej’ ai’i^ nearly .similar to a test ])ieee of 
fonn A, 8 inches in gauge length, 2 inches vide, and inch thick. 

Test Pieces C, D, E (Figs. 28, 2il and 30).— The.se were ar¬ 
ranged to meet the very common practice of making test pieces 
for forgings, axles, tyres, etc , of (uther | square inch or 1 square 



-- - u«ni MT uu ma b nuu m auiA^ni- '■ 

uujuttD uils ruuui m « uicn w iqt uu tumi 6 nmi nu unicu luiitni'' 


Fh!. 27. 

V 

inch in sectional area. With the gauge lengths decided ujitoil 
these three forms arc very nearly similar,^ and, for a givTn 
material, give very a])proxihiatcly the same jiereentage of’ 
elongation. I'hough not exactly, they are apj^roximately 
similar to the standard test piece F, and for the saipo matAial 
give a nearly identical, but slightly greater, percenJlige of 
elongatibn. 
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Test Piece F (lor test pieces over l inch diameter) (Fig. 31).— 
In some testing machines it was found inconvenient to use form 
B for bars of <iver 1 inch in diameter, and form F of half the 
gauge length is designed to meet su(di cases. For a given 
material the percentages of elongation with test piece F is 
greater than with te.st piece B, and this difterence is jjrovided 
for in the British Standard Specifications. 

Fiu. 28 


Fia. 2!) 


Fio. 30 


Fio. 31 


(HAKU not -mULlfl nt * LtaCII Otj 
UT uu DM 4l inius r><f temus sixmiin 

Form of Ends. — In tlie case of the round test pieces B, (', 
D, E,and F, the form of the ends is to be as rc(juired in order 
to suit the various nudhods emjjloyed for gripping the test 
piece. When enlarged ends are used, the length of the 
parallel portion of the test jficce^must in no case be less than 
that noted on the diaginms. 

Ferms of International Aircraft Standard Tensile Test Pieces. 
• —Speciflcatioijs. 

V 4 * ^ 

Physical Properties and Tests. —(a) Physical tests shall bo 
carried out on testing machines of standard make, which are 
to tie kept in good working condition. The manufacturer 
must satisfy the inspector that the testing machines ard at 
all times properly calibrated. 
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Tensile Test. —(6) To determine whether a sp^payncn has 
a yield point equal to or greater than that speeified the pr6- 

ccdurc shall be as follows: A line shall be described on the 

<1 

tost piece with a punch mark as centre, and with a radius of 
about 2 inches (!)0-8 millimetres) when possible; the specified 
load shall then be a])j)lied, rcunovod, and a second line scribed 
with the same radius and the same centre; if two lines are then 
soon on the test jiicce, indicating that permanent elongation 
has occurred, it shall be considered that tlie specimen has not 
passed the yield-point test. If the manufacturer (lesires, the 
yield point may be determined by an apj)roved autographic 
or extensonmter method. 

(c) The elastic or the jiroportional limit, wdien called for, 
shall bo determined with an extensoimder reading to at least _ 
0-002 inch (O'OO millimetre). It shall bo attached to the 
specimen at the gauge marks and not to the shoulders of the 
sp(!Oimen nor to any part of the testing machine. The elastic 
limit is defined as the greatest load per unit of original cross- 
section which does not produce a permanent set. The pro- 
portionfd limit is the load 2 )or unit of original cross-section at 
which the deformation ceases to be jiro])ortional to the load. 

Test Specimens. — (i) 'J’ension, bend, and impact test sj)eci- 
mens shall be tak(‘n from the rolled or forged material, exce])t 
that in the case of irregularly shaped forgings they tnay be 
taken from a full-sized prolongation. Specimens shall not 
be annealed or ()therwiso«treated, excejit as jrrovided in the 
individual specifications. ^ 

(j) d’ension, bend, and impact test specimens for rolled 
material which is to be annealed or otherwise treated before 
use shall be cut from properl} annealed or similarly treated 
short lengths of the full section of the piece, and for forijed 
material from the treated forgings. » 

(I:) The axis of tension, *bend, and impact test specimens 
for rolled bars and forgings of uniform eross'section over 
1| inches (38-10 millimetres) in thickness or diameber anil for 
forgings of irregular section, when jiractioftblc, shall bb located 
at a piBint midway between the centre and surface when solid 
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and at ^eiy point between the inner and outer surfaces of the 
wall when bored, and shall be parallel to the axis of the piece 

in the dircctioM in which the metal is drawn. 

* 

(1) Ten.sion test for .specimens for bars shall conform to 
the dimensions shown in Fig. 32. The ends shall bo of a form 
to fit the holders of the testing machine in such a way that the 



F[i!. :!2. 


load shall be axial; test specimens representing heat-treated 
or brittle Tiiaterials shall have threaded ends or ends so made 
as to permit of testing material, using a ball-and-soeket chuck. 

(m) Tension and bend test specimens for plates, sheets, 
and shapes shall be of the full thickne.ss of material as rolled. 



tThickness bf StocH 


T(Misilo-test speennens for sheets or plates shall be machined 
to the form anti (limensi(jns slfown in Fig. 33. Bend-test 
specimens for sheets shall have a width of l-o inches (3810 
milKmetros) and a minimum length of 8 inches (203-2 milli- 
metres)r Test sprt;imens shall not be hammered in order, to 
straighten them, nor may they be tempered, annefiled, or 
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otherwise treated unless speeifieally noted. Iji'^act-test 
specimens are to be rectangular in section and shall be notehed ^ 
on one side. They arc to hav'o the form showi* in the sketch, 
Fig. 60. 

Selection of Test Specimens. —A sutlieient nund)er of test 
specimens will be selected by the ins])ector from each lot of 
material submitted to .satisfy him of the quality of the material. 
If any test speoijuen shows defective machining or develops 
(laws, it may bo discarded; in which case the manufacturer 
and th(! ))urchaser or his ri-prescntativi' sliall agree.upon the 
selection of another specimen in its stead. 

Marking and Identification.— (a) It shall be the duty of the 
manufacturer to ju'ovide that manufacturing identification 
marks, such as heat numbers, shall be readily available at 
the time of ins))ection of the finished material to the in.spector, 
and further that mati'rials shall be groujied when possible by 
heat or melt numbers. 

Test specimens in accordaiua' with the sketch Fig. .‘id, shall 
apply to sheet J- inch (o-Ob millimetres) (No. (i US. standard 
gauge) a4id up.in thickne.ss. Belou J inch (.7-08 millimetres) 
in thickness w and d .shall be .1 inch (I2'7d millimetres), 
h J inch (12-70 millimetres), and ivn 1 inch (20-40 millimetres). 
The percentage of elongation may be determined on citluT 
2 or 4 inches (oO-SO millimetres or JOI-OO millimetres). 

Soft materials of light gauge are ajit to fail in detail under 
the ))in. Specimens re[)r<»senting these materials may be 
gripped in the jaws of the testing machine. Drilling is omitted. 

The specimens may be ri-duced in width by not more than 
0-003 inch (0-08 millimetre) dver'the centre half of the gauge 
length in order that fracture nmy occur there. 

Reduction of Area. 

■ The shapes of a test piece? after a ten.sile test, to fracture, 
for the case of mild steel, is shown in Fig. 34; the' formation 
of a " waist ” i.s marked in the ease of ductile piaterlhls, 
sucji as iron, mild steel, and copper. ’ The [lerc^mtage 
area co«traction is the same as the percentage elongation, 



I 80 AIRCRAFT AND AUTOMOBILE MATERIALS 


within limits of elasticity, when the latter is esti- 
, mated upon-the final length; this must be the case if the 
volume of tho gauged portion is constant throughout. The 
tensile strength of a material is, for most practical purposes, 
reckoned upon the original cross-sectional area and the auto¬ 
graphic curves of stress-strain show that near the breaking- 
point this “ apparent stress ” nearly always decrea.ses. 

The “ true stress ”—that is to say, the stress as reckoned 
uj)on tho actual area of the smallest section—actually in¬ 
creases, however, since tho area decreases, and the value of 
this real stress may be anything up to 30 or 40 per cent 


■ti 

. .. 

Fia. 34.— Shape or Mii.i) Steel Tessii.e Test Speitmen 

AT FHACTeUK. 

higher. Thus in the ease of the mild steel specimen men¬ 
tioned in. the preceding paragrajih, the area 'at fracture was 
~>r> per cent, of the original. The true stress at fracture was 

therefore or 1-82 of the apparent stress. 

The curves shown in Fig. 35 illustrate the difference between 
the real and apparent stresses, for both tension and compres- 
,sion in tho case of a ductile matenal like steel. The material 
at the fractured ends usually presents the appearance of a 
conical portion, roughly of 4.5° slope on the one side, and a 
corresponding conical recess upon the other side. 

Materials such as wrought iron and mild steel, which 
pVisscss both plf>sticity and relatively high tensile strength, 
sliow the greatest area reduction, whereas hard or brittle 

materials like cast iron or hard 'steel show only a small area 

( 

reduction. 

!J 

In general, the higher the tensile strength, the smaller the 
area reduction; there are, of course, exceptiohs to this rule, 
but it will be found to hold good in most cases, 'ftie same 

C 
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Fig. 35. —Real and Apparent Stress Curves. 


rem-arks apply in the case the elongation as shown m me 
following table: 


I. 
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( 

TABLE XVIII. 

PROPERTTKS OF DIFFERENT FeRROUS MeTALS. 


Mal^^} lal. 


VV'^roujiht iron 

Mild stool, 0*2 C . 

Mil<t stool, O-.t') C .. 

Ciiscr-hardfunng niild stocd 
(annoalod) 

Caso-lMirdoiim,i^ nnid stool 
(l\ard«'nod) 

Niokol stool 2 por oont Ni 
(aiinca](“d) 

Nickol stool 3 por cont Ni 
(oil toniporod) 

Nickol-ohromo stool (an- 
noali'd) ! 

Nieio'l • chromo stool (au' 
hardonod) 

Niokol oaso-liardomii^ sUm'I 
(norniah/.od) 

Niokol oaso-hardonino stool j 
(oaso.hardonod) ' 

Cliroino-vanadinni stiad (as 
rollod) 

Clu'onH* - vanadium stool 
(boat troatod) 

Sprinostool (tom|>orod) .. 

Ntool {^astinjis (autoinohilo) 


Toyis pei Squan 

Inch 

Peircnt- 

Peiccvt‘ 


-- 


(ije 

at/e Jie.- 

FMiMic 

Ltirnf. 

Yield 

Point 

Tensile 

Slienijth 

Klonqn.- 

iion. 

diielion 
of Jreti. 

1400 

17 

25-0 

30-0 

55-0 

1400 

10 

30-0 

28-0 

48-0 

1 ( i *()0 

18 

35-0 

2.")-0 

45-0 

28-50 

- 

34-1 

44-0 

02-2 

34-80 


40-4 

3 - 2 * 

8-1 

20-07 

- 

44-3 

31 -5 

53-8 

80-18 


83-5 

10-0 

43-4 

43-50 


55-0 

22-0 

04-0 

80-00 


113-0 

13-0 

33-0 

20-00 


33-0 

35-0 

() 5 -(l 

( iO -00 


00-0 

lS -0 

01-0 

40-40 


57-1 

• • 

25-0 

01-2 

100-20 

- 

120-4 

8-0 

10-0 

85 - 05 


05 305 

8-12 

25-30 

20-50 

- 

0-30 

22-25 

35 -40 

... 

_- 





Behaviour o£ Metals in Tension jjnd Compression. 

The teiiKilc propeities of iron, larbcjii, and alloy steels are 
shown in Fig. 3(i, the curves^representing ty))ieiil test results 
for the niateriah. shown. Tt will be observed that the elastic 
j)ortions of the curves a^e nearly the same for all of the metals, 
although the sca<)e is too small to show any small differences; 

the elastic moduli,for these mattu’ials arc therefore approxi- 

t c 

mately the^same. 

the ease of cast iron, high carbon and alloy steelsj the 

* On^o-inch length.' 

•f Tho effects are most enhanced in the hardened and tempered steels, 
n\prc especially in the high-tcnsile steels as shown in Table XVHl, 






Stress m Tons per Sq.lnch 
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Fig . 36 .— Tensile { Stress - Strain Curves . • 

1, Nickel-cbronie steel, air-hardened; 2, tool steel, unannealod; 3, nickel 
chroir^ steel, unannealed; 4, crucible steel, untreated; 5, mud steel; 
6, wrought iron. 



84 


AIRCKAFT AND AUTOMOBILE MATERIALS 
' TABLE XIX. 

PrOPEKTIE.J of NoN-KEltliOlIS Allovs anij Metal.s.* 


MaUt ud. 

Tons 

El (IS he 
Limit. 

pi r Sifuai 

Yield 

Point. 

e /nc/i. 

Tomle 

Shcnijlli. 

Elompi- 
lion per 
Cent, on 
2 Inches 

Reduc¬ 
tion in 
A rea. 
per Cent. 

Aluminium (cast) 



5-5 It 

2,3 


Aluminium (rollod, alonji 


— 


25-0 

— 

grain) 





Aluminium (rollt'd, acros.s 

0 

— 

(i'l-H 

10 13 

— 

grain) 






Aluminium lironzo (1(1 |»ct 

— 

_ 

385 

26-3 

28-0 

font ) 





(’fippor (caMt) 

— 

— 

7-0 

10-15 

_ 

Copper (rolled) 

— 


171 

10-0 

40-0 

Oojipor (drawn wins) 

— 

— 

24-28 

0-8-2-0t 

— 

Delta imdal No. 1 (ca.st) 

— 

- - 

41-3 

20-0 

20-4 

Delta metal No. 1 (ex¬ 

_ 

_ 

40-8 

26-0 

24-0 

truded) 






Delta metal No. 4 (cast) 

— 


23-0 

210 

20-1 

Delta metal No. 4 (ex¬ 

— 


37-1 

27-0 

20-0 

truded) 






Duralumin slicet (normal) 

I(u5 


27-5 

1.5-0 

— 

Duralumin shoot (hard) .. 

20-0 


31-0 

11-0 


Duralumin rod (normal .. 

l()-5 

_ 

20-0 

18-0 

_ 

Duralumin rod (hard) .. 

21 -0 


32-0 • 

8-0 " 


Duralumin wire (normal) 

i(;-r> 


2()-0 

10-0 

— 

l>uralnmin wire (haul) . . 

22*5 


35-0 

8-0 

— 

Cun-motal (east) (oojiper. 

"v-H 


13-15 

10-0 

20-0 

87; tin, 10; zinc, 3) 






Cun*mctal bars .. 

-- 

14-15 

28-30 

10-0 

20-0 

Naval brass (aero) 

- 

12- 13-5 

24 27 

30-0 


Phosphor bronze (rolksl) 

— 

20-30 

30 35 

5-0 

— 

(copper, 03; tin, 0*5; 






zme, O'o) 

Manganese bronze (cast) 

- 

<r 

J3-14 

30 35 

15-0 


(copper, 58; zinc, 38; 
aluminium, etc., 4) 






Muntz metal 

— 


23-26 

35-0 

50-6 

Yellow brass 

_* 

* — 

24 

41-0 

61-0 

Cast brass ( 

( 

— 

10-13 

24-0 

16-4 


3 ield and elastic points arc usually vcr 3 ' indefinite, and the 
curve at these values is very smooth as compared with that 
of mild steel, so that it is difficult to detect the points of 
ehvStio and 3 deld stresses. 

* much fulldr particulsrs see Vol. 11, “Non ferrous and Organic 
Materials.” 

, t On 8-ineh lengths. 
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37.--,STi!E3s-STri\iN riinvF, Foil Hakdenei) Nickei.-Cimkime Steei, 
(Aiii-HAiU)ENEn AT 801)” ElA3tic liTnil.. (Uirvi- B sIkiwh the 

strains magniHed ten times. ^ 

• * * 
For very hard steels, such as aiF-hardened nickel-ehronie 

(of tensile strength 100 to 120 tons jicr s<i«are inch), theij) is 
• no true elastic limit, ora v(^y low value,wsusilly below 25 tons 
per square inch. , 

Typical curves for a nickcl-chroinc .steel, which has^hcen 
air-hardened after heating to 800° (V, ij shown "in,lig. .17. 
The c^inpo.sition of this steel is givom in the table on p. 86. 
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, TABLE XX. 

r « 

CoMPO.smoN OF Nickel-Oheome Steel— Are Hardening 
, (Percentages.) 


Carbon. 

1 

Silicon.. 

Sulphur! 

Phosphorus}^ 

^Man({anes 

i_ 

•r. Nickel. 

Chromium.' Iron. 

0-33 

0-34 1 

()-041 

0-032 

' 0-47 

' 3-n4 

1-S4 1)3 407 


Ductile Materials in Compression. 


Comprp.sfion tests arc u.sually made iiiam specimens in 
I which the length is about the sanu' as tlie miniimitn width, 
othenvise failure by buckling occurs. 



Fig. 37a.—Compression Stress-Strain Curves for Different Metals. 


y 

Ductilp lireterials^tcsted in this manner tend to flow out¬ 
wards under compressive load, and as the load increases the 


Tons per S^./n. 
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area of specimen also increases due to this lateral‘flow, and 
a state of affairs is soon approximated to in uhie^the ratio 

—that is, the compressive strain—Ixcoyi's nearly con-* 

slant. The more ductile, or plastic, the material the more 
nearly constant does the siresa become. 

Thus for a plastic material, like lead, the stress is practicallj' 
constant, in compression. Experiments made by Hick \i)M)n 
lead cylinders inches long by 2 inches diameter, with loads 
varving u]) to bj tons, showed a. |)rogressive reduction in 
length down to 1-I2S inches, and imrease in diameter at the 
centre t)t IMti melu's The stress after the first ton or .so 
remained ai)pro.\imately constant at 0-72 ton per scpiare 
inch. 

I'nwin has shown tliat the compressive stn'sses in ])lastic 
materials can be ap|)roximately represented by the formula- 

p.-P(l-A)/ie, 


where p/A the modulus of elasticity, P the total load, and 
IV the cross-sectional area. /> is known as the |ilastic stress 
A is the compression ])er unit length. 

Pig. 'Ua shows the stress-strain curves for lead, copiicr, 
mild stick cast-iron, and gun-nufial 


Cast Iron. 

Ca.st iron is another mati'rial which has no real yield iioint, 
or clastic limit, as tlu*i continuously curved stress-strain 
diagram shown in Pig 38 indicates. • 

Cast iron, being a brittle^ im^terial, breaks with little exten¬ 
sion, and at a low tensile .strength, u.suallyi from 8 to 12 tons 
])er square inch. * , * 

Owing to its -very low elastic limit, or ^o its absenci> «)f a 
true elastic limit, cast iron takes a definjte set for very s’lnall 
stress values, as indicated 1)y the dotted lines in Pig. 38. 

The relation between the stri'ss anil strain in both tension 
and compression for cast iion is given by Hodgkinson as 
follows—namelv; 
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^ For tension/i =6220e =1,208,OOOe^. 

' For compression/„=5773c =233,600c2, 

'where f^ and are in tons per square inch, and e and c are 
the relative extensions and compressions per unit length. 

Unwin gives the following more exact relations between 
the same quantities: 

c =1-503/^3 X 10-« + 1-685/, x 13-», 
r, =0-60 p X 10-8 -e 1 •782/„ x lO'U 
It has been found that the strength of cast-iron bars varies 
with their,size, the smaller diarneter bars being the stronger; 
^ the difference between bars varying from 1 to 3 square inche.s 
is about 25 per cent. 

Fig. 38 shows the stress-strain curve for both tension and 
^ compression for this material; the dotted line shows the 
permanent set when the load is removed. Only a portion of 
the compression curve is shown, as the ultimate strength of 
cast iron in compression is from 40 to 60 tons per square 
inch—that is to say, from 4 to 6 times the tensile strength. 

In the initial stages of stress the value of Young’s modulus 
(E) is from 6400 to 7500 tons per square incli, according to 
Unwin.* If the average value of E be taken for, say, the 
whole range of tensile stretch, it will be much smaller, prob¬ 
ably about ’4000 tons per square inch, owing to the smaller 
slope of the stress-strain slope at the higher stress values. 

The shear strength of cast iron varies from 6 to 13 tons 
per square inch, depending upon dts grade or quality; the 
white irons have the higher values. 

Fig. 39 shows some typical stress-strain curves for a few 
non-ferrous metals. These ’ are included for comparison 
purposes. ' ' 

In most cases there is no very definite elastic portion of 
the curve, although there is usually a fairly well-defined yield 
point. "■ ’* ‘' 

The abovt? curves should bo taken as being typical ones-f 

i 

• “The Testing of Materials of Construction,” Unwin, 
f Puller particulars of the strength properties of non-ferrous metals and 
alloys arc given in Vol. II. ^ 




Fio. 3 S.—Illustrating Behaviour of Oast Irqn in TUnSio^j and 
Compression. 
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only, for ^the properties of these metals vary considerably 
with them composition, treatment, and method of manufac¬ 
ture. The rather indefinite and low elastic limits in the 



A, Aluminium lironzc; 7?, hard brass; O, annealed brass. />, rolled 
annealed copper; 7^, rfilled aluminium. 

case of aluminium and copper are related t(j the p!asti(! pro¬ 
perties of these metals, for they how almost continuously 
from the commencement of ^hedcnsile test. 

' C 

UtQization of TensUe Ttest Results.—The Quality Factor. 

<Tho tensile-te^t results readily obtained include the ultimate 
stress, the olongiitfdn, and reduction of area. Various methods 
have been‘Suggested for combining these factors, in such a 
rammer that the result, or *■ quality factor,” expresses both 
the stlcng^h and the ductility of the material, or the ductility 
alone. 
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Tetniajer proposed the formula— 

Quality factor -tensile strength x pereentage elonga-. 


tion.(A) 

whereas Wohler suggested the formula— 

d'l'nsile strength + percentage contraction of area . . (R) 

The formula which is often used in England is - 

Quality factor tensile strength l ]iercentage elongation 
on given length.(C) 

For a good quality of steel forging its value is |rom i)5 to 


(iO, and for high-grade mild steel oO to 57; for locomotive 
axle steel it varies from 08 to 70. The quality factor is often 
s])ecificd in connexion with material contracts. 

For exam|)le, the ductility of gun-metal bars, for aircraft 
purposes, is sometimes specified by a quality factor-qiercen- 
tage elongation on 2 inches s- percentage reduction of area, 
which must exceed 20 jier cent ; for medium duralumin bar 
this factor must exceed OO per cent. It should be noted, in 
connexion with this tyqie of specification, that the quality 
factor often depends uiion the size of the jilate or bar from 
which the specimen is taken. Thus for mild steel (O il carbon) 
plates of J, J, and J inch thickness, resjiectively, the quality 
factors ((') are 01, 57, and 55 respectively. 

Time Influence in Tensile Tests. 

If the tensile load be ajrylied slowly to a steel or iron speci¬ 
men, the final elongation "for the same stress value will be 
much greater than if the load is applie*d quickly; this effect 
is due to the greater flow of»mc4al which the longer jieriod of 
the former test permits. Th^^ ultimate stress i% however, 
about the same in each case. • 

If 

If, how’cvcr, the load be applied in a sertes of step.s, with 
long time intervals betweeii there will Ilf a« new' and higher 
yield point, a higher breaking load, and a smallar extension. 

In a test of this kind ujion two similar mild steel six'cinW'ns, 
one of which was successively loadc'd at the rate o^ j’j of the 
ultimate load at intervals of 3 minutes, whilst the other was 
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loaded the same amounts once every 1200 minutes, the 
former broke at 00 per cent, of the stress value of the latter, 
but its extensiqn was 25 per cent., whereas that of the latter 
was only 8 per cent. 

Again, if a steel or iron .specimen be stre.ssed to just beyond 
the elastic limit, and the load be then removed, there will, 
of course, be a permanent elongation when the load is taken 



Elongation per cent. 

, Pm. 40. 


ri^ht off; but if*now',tho load bo,'applied again, without any 
appreciable tinfe interval, it will be found that there is a 
new yield ‘point at about the stress value reached by the 
pr^v'ious Joad just before it was taken off, as shown by the 
curve* ht. in Fig.' 40. If, however, there is an appreciable 

♦ Kirfe “The Strength of Materials,” p. 34, J. A. Ewin^. 
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time interval, say of several hours, between the tjytfJoadingR, 
a still higher yield point d uill bo reaeiied. 

I'he efloot of repeated stressing beyond th<;, origitial steady 
loading elastic limit is also to raise the ultimate strength and 
to reduce the final elongation; these etTeets ajijic’ar to he 
connected with a jirocess of harilening of the mi’tal. 

The material, after such overstraining, loses much of its 
original elasticity, and even small stresses aipiear to cause 
permanent set after the load is removed, although it is true 
that there is a partial return to its elastic eonditipn after an 
interval of a day or two. There is no true clastic limit im¬ 
mediately after overstraining, but if a long jieriod of rest 
is allowed, the elastic limit becomes more definite and at a 
higher value. 

Hysteresis. 

- Overstrained steel or iron also exhibits tin; property of 
hysteresis, when the load is apjilied gradually to a certain 
value and taken off at about the same rate. This elTect is 
due to the iinjierfect elasticity, and the longi'r the period of 
time allowed, the less the hysteresis. 

The stress-strain curves for an overstrained material taki^ 
the form of a closed loop, as shown in Fig. 41. 

'fhe area of the loo|i represents the work done on the 
material, in altering its internal condition; it might be termed 
the energy wasted inti ■rriVlly, in virtue of its imperfect elas¬ 
ticity. 

The clfect of very slow loading, and unloading, is in¬ 
dicated by the dotted lines in Fig. 41. 

Effect of Temperature on Recovery of Elasticity.* 

When an overstrained jneco of steel pr iron is heated tor a 
few minutes in boiling water, it will be found to have re¬ 
covered its elasticity completely, w’hilst it will have a higher 
yield point than the overstrained load value. 4-bar of mild 


• * Vide paper bv J. Muir in Phil. Trans. Hoy. Soc., 1890. 



94 AIRCRAFT AND AUTOMOBILE MATERIALS 

steel whiejf ip stressed to just beyond the yield point, and then 
Ijeatcd to 100° C. for a few minutes, then stressed again to 
the new yield phnt, and reheated to 100° C., and so on, 
will break at a higher load value than in the ordinary way, 



I’lo. 41. 

and the fracture will be found to resemble that of a hard 
steel, such as cast steel. Moreover, the e.xtension and area 

contraction are very much smaller than in the ordinary test. 

« 

Annealing.* 

When an overstrained piece of steel or iron is heatial to 
redness—that is to say, to from'tioO® to i).50° C.— and is 
allowed to cool fairly slowly, *oy immersing it in a bed of 
ashvs, sand, or other non-conducting material, it will be 
foufld to have recovered its original state of elasticity, its 
original yield point, and tensile stfength. 

This process (which is more fully dealt with in a later 
chapter) is. employed commercially for removing manufac¬ 
turing and local hardening strains, such as those remaining 


♦ See also p 491 ci aeq. 
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in bent sheet metal worl< and cold stamping, i^j removing 
local ])unehing and shearing hardnesses, and in softening hard^ 
drawn wire, etc. 

Local Hardening Effect of Shearing and Punching. 

When a bar or iheoe of steel plate is punched or sheared, 
the metal around the ])unehed hole or about the sheared edge 
is badly deformed, and in eonsecpienoe is considerably harder 
than that of the rest ol the bar or ])late. 

This local hardening has a marked detrimental (jffect upon 
th(^ tensile strength and elongation, for if a flat stri|) of steel 
having a punched hole be tested in tension, it will be found 
to break at a lower stress value than that for a plain drilled 
plate of the same material. Although experiments upon 
punched (dates are not altogether concordant, yet Ihey 
generally agree in showing a loss of tensile strength of from 
5 to 20 per cent, in iron, and of from 8 to .‘15 per cent, in steel 
plates. The greater the thickness of the plate, the less the, 
tensile strength loss from this cau.se. 

The reason for the above effect is that the hardened metal 
around tins hole ree<'ives a great('r stress intensity, owing to 
the fact that it is unable to streteb so much as the rest. 

The effect of a sheared edge in the ease of a metal plate is 
similar in causing |)rematurc fracture at a lower breaking load. 

'I’he effects of local hardening around |)unehed holes may 
be obviated by annealinjf, or by reamering the hole, after 
punching; in the ea.se of a sheared edgj' the hard metal may 
be removed by planing, or softened by annealing. 

The commercial method’of making s(|uare or other shaped 
holes by cold drifting round holes results in a similar local 
hardening around the holes. 

Effect of Drilled Holes in ¥lates. 

The tensile .strength* of a steel or iron plrtte having a 
single hole, or a row of holes perj)endicular to the lifie of 

t > 

* The term “tensile strongtli” in all cases denotes the ultimate tensile 
stress. 
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pull, has found to bo frcim 8 to 12 por cent, greater than 
that of the nndrilled ])late material; the fracture occurs 
across tlio hole,s. It is believed that the prevention, by 
rca,son of the form of the metal near the holes, of local con¬ 
traction causes a higher tensile strength.* 


Effect of Shape of Test Piece. 

]|'or exactly the same reason as in the preceding ca.se, the 
tensile; strengtli of s])ecimcus sha])ed as shown in Fig. 42 will 
be greater than that of parallel specimens. It may be here 
mentioned that in ductile materials such as wrought iron or 





42 . 


mild steel the, hmgth of tiu' part which is affected by local 
contraction is from 6 to 8 times the greatest transverse 
width, so that for accurate tests the specimen should have 
a parallel length of at least 8 times its greatest transverse 
dimension. 

The effect of a flaw, nick, or orae'k, in a specimen is to cause 
a local stress distribution which is not uniform around the 
def^'ctivo part; such a specimen will yield more by tearing, 
and the fractured surfaces will present a crystalline appear¬ 
ance, as distinct from the usual Abrous form of fracture of 
ductile materials. The same remarks apply for other types 
of stress, such as those caused by impact, repetition of loads, 
and bedding. 

* Also see Figs. 123 and 125, pp. 243 and 247. 
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Effect of Temperature upon the Strength of Metals. 

Parts of machines such as boilers, interntil combustion 
engine cylinders, valves, etc., are exposed to considerably 
higher temperatures than atmospheric, and this fact should 
be taken into account in design work. At ordinary atmo¬ 
spheric temperatures there is no ap])reciable change in the 
tensile strength of mild steel or wrought iron. The tensile 
strength increases continuously from 0'^ C. to - 200° C., being 
about 80 per cent, greater at tln^ latter temperature It also 
increa.ses from O' (J. to about 200° (’. by about 30 per cent., and 
then falls off continuously from 200° C. up to the melting-point. 
The loss in tensile strength between 200° 0. and 500° 0. is 
from 40 to 50 per cent, of the normal atmospheric value. 

The elastic limit falls continuously from atmospheric 
temperature right uj) to the highest temperatures at which 
there is any tensile strengtli; from 0° (1. to 500° 0. the elastic 
limit falls by from 45 to 55 per cent. 

The elongation diminishes from 0° ('■ to about 180'° C., 
and then incre;«es continuously for highei’ temperatures. 

Iron oi steel containing an appreciable amount ot phos¬ 
phorus becomes brittle at low temiieratures; this effect is 
known as “ cold-shortness.” 'I'hc opposite effect—namely, a 
loss of strength at high temperatures—is known as red¬ 
shortness,” and may be duo to the presence of too much 
sulphur. ^ 

At a “ blue heat ” it is inadvisable tcv work steel or iron, 
as the material becomes brittle when cold. Prolonged ex¬ 
posure of wrought iron to temperatures as lojr as 60° C. will 
cause a slight falling off in its sffl’ength, and a variation in its 
magnetic qualities. ^ ^ » 

Very low temperatures, such as those of liquid gases, ha\^e 
the effect of making the met^ brittle, and of diminishing the 
elongation; the tensile strength increases with progressive 
decrease of temperature in the case of mild steel, and iron. 
Fig. 43 illustrates the manner in which the tensile strength 
of iron vkries with the temperature. 


I. 
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High-,«afbon and most alloy steels* are affected by tem¬ 
perature increase, when these steels have been heat-treated 
in any way. rlt is well known that the degree of tempering 
of cast steel, for example, is solely governed by the tempera¬ 
ture; any increase of temperature in the case of hardened cast 
steel above about 100° C. results in a diminution of tensile 
strength, but in an increased elongation. 



Fui. 43 .—Effect of T£mi*ei{atuhb upon Tensile Ktuength of Wuouoiit 

IliON. 


Copper and its alloys arc greasily affected by temperature 
changes, and the .detrimental effect of high temperatures 
should bo taken into account when this metal or its alloys 
is employed in,steam and internal combustion engine work. 

Table ‘XXI.f shows the sttengths of several metals of this 
class at different temperatures. 

' Unwin gives the following approximate formuia for the 
given metals: “ 60)2, 

where j is the tensile strength at any temperature 1° F. 

* Sec Figs. 168, 1C9, and 170. 

I “ The Testing of Materials of Construction,” W. C. Unwin. Longmans, 
Croon and Co. 
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Tho viilues of the constants a and h are given in T»iae XXII. 

Tiic (‘Ifect of temperature increase upon tho pro])erties of « 
cast iron* is to sliglitly increase its tensile artd compressive 
strength from 0’ F. to 900’ F., after whicli these strengths 

TA15LF XXL 

STKJiNdTif OF Coi'I’IOR AND ITS AlLOVS AT DIFFERENT 
'1’eMI'ERATUKES. 

Ti'ii.siti Sin n<ith {'r<>ns per Stpitt?c 1 tu h). 

(ill” F. 200” F. j TOO” F. j 400” F. j 000” I''. 

U-s j 14-0 ! i:!.2 ! lo-O 

24-L 2:!-r> 22-,"> I 20-0 15-7 

iilOi TO--) I 2S-0 ! 20-0 i lO-t 

121 11-7 10-0 0-7 0-0 

12-.-. 12-0 11-1 0-7 o-n 

lli-l 1 1.7-li FFO i:m S-0 

TAIiLE XXII 

Vahd'.'i of 

a. ' b. 

14-S I ()-(»M)()I4 

24* I ()-()()(H)2S 

I <)-0()()()4l 

14*7 , 0-0(MM'29 

12-a ' ()-()(K»02l 

l2-r> U-(K)(M)24 

Krl I 0-0(H»>2<i 

diminish fairly quickly. M 1500'’ K. the strengths arc only 
about 20 per cent, of the normal values, f. 

When zinc is heated to between 400" 0. and (iOO’ tb, 
it becomes very brittle, anti otten crum])l(;s up into .small 
pieces wlien any atteinjit is marte to work it. * 

* I'hc plioiiomenon kndwii as the “growth” of cas^iron oocuis at tcfii- 
peraturcs of C. and above, and consists of a permanent exjiansion^or 
elongation; and is believed to be d^ie to internal oifdization caused by the 
Iienetration of oxidizing gases. Permanent “distortion” i^ccurs at tem¬ 
peratures below r>50'^ (J. Automobile cylinders and super-heated steam 
cast-iron littings experience “growth.” 

t For further information vide “The Heat Trealment of Cast'Iron at 
Low Temj[>eratures,” J. E. Hurst; Engineering, July 4? 1919; and 
Autocar, June 7. 


Mn./et Kif. 


(k»{»per 

Rolled yellow brass 
Ibilled Didtn metal 
Rolled Muntz metal 
(^ast giin-metal 
Oast brass , . 

Oast i)h<*s{>hor Inon/i; 


Mefdl. 


Co(>|)er 
Roll(‘d lirass 
Rolled Delta metal 
(Jast gun-mc'tal 
Oast bras.s 
Phosjflior Inonzi! . 
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The FailUrh oi Materials -Tests to Destruction. 

Theoretical Aspects. — Tlie question of the mode of failure 
of materials is a very iiiqiortant one in engineering design, 
and it is therefore not sur])rising that consirlerable attention 
has been given to both the theoretical and experimental sides. 
The main probhun (‘onnected with the subject of ultimate 
failure in diudile and brittle materials is to find whether the 
decisive factor is one of simjde normal stress, strain, or of shear. 

At the outset the failure of a material in tension can be 
definitely stated not to be due to any aecomj)anying eoin- 
piessive stress, for the results of nujiu'rous experiments ]irove 
that no amount of compression will rupture a. material, 
provided that the material is pre\ented from s|)reading 
laterally. 

It is also fairly certain that either the maximum ])rincipal 
stress, jirincipal strain, or maximum shearing stress, must be 
involved in the process of lupturc. 

There are threx' j)rinci])al theories of failui’e based uj)on 
the above factors—namely : 

1. That elastic failure ocimrs for a ccrtaiti value of the 

maximum principal stress. 

2. That it occurs for a certain value of the principal 

strain. 

That it occurs or a certain value of the maximum 
shear stress. ^ 

It should be pointed out that the maximum shear stress 
depends u))on the principal .stress values. 

The results of most experiiucrits tend to I'onfiim the belief 
that failuK in the case of du«tile materials such as injn and 
steel occurs by shear, and in brittle materials such as cast iron, 
concrete, or brick, by tension. 

1. The maximum value of the principal stress, p, in the 
case of a ntaterial subjected to a tensile stress pj is given by— 

■ ' '■ 

where q is the shearmg stress. 
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2. The principal strain under these circuinstanc*^, on the 
St. Venant hypothesis, is given by— 



where is Poisson’s ratio. 
m 

For tli(' nsnal value of J for Poisson’s ratio. 

r - + 1 •2r>\/^'j" ^ 

The limiting ease is obtained by putting p, 0, ^hieh gives 
p ■ < 7 —that is to say, a slu'ar stn'ss equal to four-fifths of 
the tensile strength. 

3. 'I’lu! shear stress theory* attributing failure to .sluair 
aloru' is ba.sed u|ion the relation— 

<li \^‘\ -+ 

where r/, is the equivalent sheni' stress. 

’I’he limiting ea,s(! is obtained by putting q -- 0, which gives 
yq --2f/,, or a shearing stress value equal to one half of the 
tensile strength. 

There is also another theory, sometimes known as the 
Navior theory, which attempts to acranint for the fact that 
certain brittle materials fail by shear or sliding along definite 
planes inclined to the ax^s of pu.sh, not at the usually ]>re- 
dieted 45”, but at a greatbr angle, 45°-t-</)/2, where ^ is the 
angle of friction such that tan = fA, the frictional coefficient. 
The results of eompre.ssion tte.sfe ujwm brittle materials tend 
to support this view', as will bf shown subsequently. 

Nature of Actual Failure. 

■ In the case of ductile matmrUils, .such al wi ought iron, mild 
steel, rolled chopper, and similar metals, failure in t(>nsion tests 
often consists of a reduction of area resultant upon the flow 
of metal, and a fracture at the least scctiini, with the forma- 


formulated by (Jucst and Fresca. 
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^tion of q’ (ionical projection roughly of 45° aide inclination, 
.together with a conical recess, corresponding to the crater 
(Fig. 44, A), <■ 

In the case of non-dticlile materials, failure occurs by a 
separation across a plane normal to the axis of pull, with 
little or no reduction of area or elongation. Cast iron and 
cast steel usually exhibit these properties. Semi-ductile 
materials yield by a combination of the two method.s— 
namely, a normal yield by direct tension of the central core, 





Fkl 44. 


surrounded by a ring of nu'tal failing liy direct shearing, so 
as to leave a crater eti'ect with a flat bottom, as shown in 
Diagram C, Fig. 44. ’ < 

When a ductile m/Uerinl is tested in compre.ssion, if the 
length is more than four or five times the maximum width, 
there is no real failure, but if yielding by buckling, or secon¬ 
dary flexufe, at a lowi'r value tif the stress than the true ulti- 
mj.te compressive stress. The failure of mild steel tubes 
umler cornpres.sive load is an example of the case in point. 

The longer thb length, for a gh'en cross-section, the lower 
will bo thc“ buckling .stre.s.s ” value.* 

llhen the length is less than three or four times the mini¬ 
mum width, the fdilurc by compression is due to “ bulging,” 

ho subject of struts is considered upon p. 58. 
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or lateral expansion, duo to the flowing out lateral^ of the 
material, as shown in Fig. 45. 

The surfaces at which the load is applied bjoome enlarged 
as the load increases, .so that for this reason the actual stress 
is reduced for a given load. It follows that to continue the 
process of lateral flow, the load must be increa.sed at a more 
rapid rat(^ as the surfaces enlarge. For a perfectly ductile 
material there would be no limit to the amount of lateral 
bulging, and therefore no true ultimate compressive stress. 



Fio. 4.">. — CiiMriii'.ssiON F.ulttre or Ducrii.E Mateiii.\l 

In most ductile materials of commerce, sucdi as mild steel, 
cop])er, and similar materials, there occurs a stage at which 
cracks appear upon the surfiljpe, as shown in Fig. 45, these cracks 
being accentuated in the case of fibrous or faulty materials. 

Lateral yielding in the above^cases is resisted by the fric¬ 
tional resistance' between the surfaces of contact, which varies 
w ith the degree of roughness ?)f the surfaces and* with the 
compression load. For this reason the ends pf a oompressiefn 
cylinder or sjiccimen of a ductile material cannot flow 
laterally at the same rate as the central portions, so that a 
barrel-like shape is formed, as shown in Figs. 45 and 40. The 
latter figure illustrates the effects of compression .stresses of 
bOOO pounds per square inch upon two equal cylinders of 
white-metal identical in composition, the centre specimen 
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being edit by the Eatonia process, whilst the other one was 
poured in the ordinary manner. 

Brittle materjah, such as cast iron, cement, and certain 
timbers, usually fail in eompn'ssion by shearing and sliding 
along faces inclined to the axis of push. When the length 
of the test piece is not less than one and a half times the 
width, failure occurs by a simple shear fracture, diagonally, 
at an angle varying from 50° to 70° (for most materials) to 
the axis of push, .so that the specimen is divided into two 
wedge-like ])arts. 

For a shorter length to width ratio, failure occurs by the 
simultaneous shearing of the material over several planes, 
.so that wedges or cones of the material forming the sides are 



@ (D © 


Fia. 46. —Failure of 1’lastic Material under CoiurRE.s.sioN. 

split oft; and if the test is stopped at this stage, the remainder 
of the material, for very brittle spbstances, is left in the form 
of two cones of pyramids having'as bases the surfaces of load 
application, and with contiguous apices, as shown in Fig. 47. 

The breaking stress in th'.s case is greater than in the pre¬ 
ceding cases, and increases i^i the height is reduced, so that 
tjie plane of minimum resistance to shear cuts the faces at 
which the pressure is applied. Hodgkinson found that the 
ultimate compress'ive strength •of cast-iron cylinders varied 
from 6!)-3'to 34-4 tons per square inch for height diameter 
raVios varying from J to 7^ respectively. 

When a smooth or polished specimen of mild steel or copper 
is tested in tension past the elastic limit, or when a tube of 
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a brittle''' or senii-brittle material is tested in co/ipression, 
lines appear upon the surface of the speoiinen, approximately 
spiral in form, and inclined at an angle of about 45° to the' 
axis. Two systems of such lines mutually at right angles 
arc usually found. 



These lines, or cracks, which indicate local yielding or 
failure by .shear, are known as Ltider’s oi' Hartmann’s lines. 
A typical example is shown in Fig. 48 for the ease of a mild 
steel tube in eomjircssion. 



Fig. 4S.—J^udek’s Lines on Stjiessed LRittle Tube. 


The angle of shear failure appears to be greater than 45° 
in most cases; thus, in the case of some cast-iron comjirjs.sicn 
tests made by Hodgkinson the average inelination uas 


* Such as glas.s. 
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about 65°^''Tjfhil8t other tests upon bricks gave angles varying 
from 58° to 62°. The range of inclinations of those slip 
bands was observed by Hartmann to lie between 58° and 65° 
for various metals. These results certainly ap])ear to sup¬ 
port the, explanation advanced by Navier.* 

If the matter be considered from the point of view of the 
principal stresses and planes occurring, then, referring once 
again to the case of a sim])l(' normal stress considered on 
p. 10, it will bo seen that although the maximum shearing 
stresses occur over planes inclined at 45° with the axis, yet 
the effect of the normal stres.ses upon these planes is t(} resist 
shearing, owing to the internal frictional resistance of the 
particles, so that sliding or yielding by shear occurs over 
planes inclined at a greater angle than 45°. The theoretical 
angle, as deduced from a consideration of the princi])al 
.strcs.se.s, niaxi?num shear stress, and the tangential frictional 

resistance of the ])articlcs, has been shown to be 45°+^, 
where tan <j> /i, the frictional coefficient. 

Results of Microscopic Examination of the Metal. 

The behaviour of the material under stress can be itadily 
studied by examining the polished surface, which has ali-o 
been lightly etched, under the microscope. 

The normal structure I of a metal con.sists of a number of 
crystalline grains all joined together; each grain contains a 
definite arrangement or orientation of particles. The effect 
of a tensile stress is to elongate the crystals in the direction 
of pull. 9 

The subject of the structure of metals under stress has 
bettr carefully investigated by Ew'ing and Rosemhain.J and 
the'following extract,§ may be of interest; 

“ Microscopic observations have demonstrated that the 

• t ide p. 101. t Also soo Chapter IV. for a fuller description. 

t Phil. Trans*. Roy. See., vol. cxciii., p. 279. , 

§ “The Strength of Materials,” Proc. Roy. .Soc., March IC and May 18, 
1899, p. 40, J. A. Ewing. 
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manner in which a metal yields when it takes jii/y kind of 
permanent set is by slips occurring on ‘ gliding ’ surfacetj 
within each of the crystalline grains. TIk-so slips show 
themselves on a polished surface by doveloi)ing systems of 
parallel lines or narrow bands, each of which is a step caused 
by one portion of the grain sli])ping over the neighbouring 
portion. Two, three, and even four systems of slip lines 
may be traced when the metal is considerably strained. 
Plasticity results from these sli])s, although the elementary 
portions of the crystals retain their ])rimitivc forpi, and the 
crystalline structure of tlu! metal as a whole is ))reservcd. 
In some metals, in addition to .simple slips, or motions of pure 
translation, there is a molcc\dnr rotation resulting from strain 
which gives rise to the production of ‘ twin ’ crystals. Apart 
from this, how'cvcr, the occurrence of sli])S on three or more 
planes w'ilhin each grain suffices to allow the grain to cli,ange 
its form to any extent as the proce.ss of straining proceeds.” 

The process of annealing an overstrained metal results in 
the loss of elongation, and reversion^to the ])rimitive arrange¬ 
ment of the eiystals: the crystals will be coarse or fine accord¬ 
ing as the cooling after annealing is fast or .slow'. 

The bands, or lines, known as the Luder lines are not 
actually the slip lines of the s(' 2 iarate crystals, but are the 
integml elfects or results of the component crystalline slips. 


Shearing Strength of Metals. 

The resi.stan(!e to shearing is invariaf)ly less than to direct 
t(msion or comi)res.sion in the ease of metals,* it also varies 
in the case of rolled j-)late.s acccy-ding to the (firectiiYi of rolling, 
b(ung less w'hen the jdanes of shearing lie along this direction. 

In the case of some Bessemer steel boildr jdate tested,by 
Bauschinger, it was found that the sheaHng strengths across 
the dirootion.s of rolUngwore 2()-45 and 27-31) toivs j)cr srjuarc 
inch, whilst in the rolling direction they were 2T45*and 
22-90 tons per square inch resj)eetively’. • 


See Tables in Appendix II. 
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I'he shearing strength of steels varies from about 0-65 to 
0-80 of the tensile strength; thus, in the ease of mild steel 
plate of 20-9 tons per square inch tensile strength, and 34'7 
per cent, elongation, the shearing strength was 2I-0 tons per 
square inch. For wrought iron the shearing strength varies 
from about 15 to 20 tons per square inch across the grain. 


B 



A A‘ 

Fic!. 4 !).—Stress Bistribiition in Heim Section A. Biictilr 
Matehiai.; B. Non biictile .Mathrial. 


Eor crucible steel (0-8 carbon) the tensile and shear strengths 
are 00 and 38 tons per square inch respectively. 

The resistance to shearing of cast iron is imperfectly known, 
soraiB experiments finding a lower value than for the tensile 
strength, whilst some have found a greater value. Izod* 


• Froc. Inst. Mech. Engineers, 1005. 
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found that the shearing strength varied from i-fO to 1-50 
times the tensile strength. 

The shearing strength of rolled phosphot bronze varies 
from 50,000 to 60,000 j)ounds ])er square ineh. 

Failure ol Beams. 

'I’he ordinary engineers’ t)ending theory di.seu.ssed in 
Chajjter I. (p. 34) is based upon eertain assumptions, one of 
which is that the stress and strain of the material of the beam 
must obey Hooke's law—namely, that the two ^ro directly' 
I)ro[)orti()nal. This relation only holds for eertain (hietile, 
materials, uj) to the elastic limit, and does not hold for non- 
ductile materials sueh as cast iron, very hard steel, and timber. 

The results obtained, on these assum])tions, therefore, can 
only apply to eases of bending within the elastic limits for 
ductile materials. 

B<‘yond the elastic limit, the distribution of normal stress 
over the cross-section of a beam, instead of being represented 
by the dotted .straight line AH sho_wn in Fig 49, A, is that 
shown by tlie-.full lino A'ffi. Diagram .4 rei)r('.sents the ease 
of a ductile material, sueh as mild steel, in which the elastic 
limit in tension is the same as in eom()res.sion. Diagram If 
refers to the case of a non-ductile material, such as east iron, 
which is eonsiih'rably strong(‘r in cojupression and which 
does not obey Hooke’s law; in this case the neutral a.xis 
approaidies the compressiRn side. 

In order to predict the breaking stressj, in the case of beams 
tested to fracture, the law' of bc'havionr of the material in 
compression and tension beyond the elastic limit must bi' 
known. * ■' 

The ordinary beam theory gives the value of the maxinujm 
stress p at any' section, at which the B.M. is M, as ■' 



where y-distance of extreme layer of fibre from the neutral 
axis, and I is the moment of inertia of the section about the 
neutral axis. 
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If, no\Y, Iho value of the B.M. causing fracture be denoted 
.by Mj, then the imaginary stress caused by this B.M. is 
often calculated' from tlie above formula—viz.: 


Pi ■- 


M, ■ y 

1 ■ 


It has already been pointed out that the ordinary beam 
theory results do not apply to cases of bending beyond the 
elastic limits, but this method of e.xpressing the ultimate 
strength of beams is rather convenient, if incorrect. 

The stress Pj i.s known as the Bending Stress, or Strength. 
or the Modulna of Ruptvre. 

Its value is in general appreciably higher than the ultimate 
strength in tension, and for the same material it varies with 
the shape of the section. In e.xpressing bending strengths 
it is usual, therefore, to sjiecify the sha|)e of the section; 
usually it i.s rectangular. 

In the ca.so of an I beam, in which the web ar<ui i.s small 
conifiared with that of each flange, the stress over each 
flange is practically uniform, and for a jilastic material like 
wrought iron or mild steel, in which the tciisilo and com¬ 
pressive strengths are ecpial, the bending strength will be 
very nearly equal to cither of these. 

Eor rectangular beams it is probable that the .stress dis¬ 
tribution at fracture is nearly uniform over each half of the 
section, in which case the momenj (d rcsistama; Mj J/) InV-, 
whereas upon the ordinary beam •cheory its value should be 
Mj ba^. The value of the bending .strength on this 
assumihion is H times the ultiRiato tensile or compressive 
strength; actually it is very nearly this value. 

The relation between the tensile strength /t and tlu' modulus 
of ^rupture pj for’^cast iron (of the same composition) is given 
by Bach as— c 




Pi = k-fiV 


'1 

z’ 


where y = distance'from neutral axis to the tension edge; 
z '^strength modulus of section. 
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The value of the constant k varies from 1-2 for j'cptangular 
sections and I sections, to about 1’33 for curved contour 
sections. i 

It has been found that for cast iron the value of pj is greater 
for smaller rectangular sections than for larger ones of the 
same ))roportions; thus, the respective values for pj for square 
cast-iron beams of sides I, 2, and 3 inches, were found by 


TABLE XXIII 

Modulus of Ruftokb Values. 


Millerud. 


Cast iron — 

I inchx I inch (loop .. 

I inch X 2 inches deep 
I inch X Z incliCH deoj) 
Circular 2 intdics diaiuetcr . 
Mild stool - 
I mchx 1 inch 
Cun-mctal — 

cojipur; d‘7 tin . . 

80 copp<-r; 20 tin 
Brass— 

82*5 c()])por; 17*/) zinc 
00 coppi'T; 40/iiic 
45 copper; r>.) zinc 


UlliiiKilc SlrtiKjlh iti 'I'oH'H 
1 Itch. 

per iSquaie. 

'renswn. 

JlenditKj. 1 

Coin fn enaioh 

•\ ( 

20-4 i 1 

5 

1 1 

, 22-()0 ; 
15-45 

t .50-70 

1 i 

24-28 

] 

0-28 

34-00 

- 

14-29 

14-83 


14-72 

25-32 


14-.55 

10-35 


i7-4<) 

18-33 


2l-o;i 

I0-7S 



D. K. Clark U) be 20-41, 14-43, and 12-02 tons per square inch 
respectively. 

The results of tests* ujion, differently proportioned rec¬ 
tangular sections showed that^wide and shallow sections give 
a higher value for than narrow and deep sections, and 
that the oircidar section has a higher -/q vaiue than a rectan- 
•gular. « 

Values of the bondingf and tensile strengths of typical 
materials arc given in Table XXIII. * 


♦ The Testing of Materials,” p. 292, C. A. Unwin, 
f Values for different timbers will be found in Vol. 11. of this work. 





: 112 ‘ AI^CRAIT AND AUTOMOBILE MATERIALS • " 

I 

Practical Rtoding Tests. 

A common test for oasst iron is to cast a number of bars of 
the particular material, the dimensions when machined being 
3 feet 6 inches X 2 inches x 1 inch, and to place each bar 
upon knife-edge supports 3 feet apart, with the 2-inch side 
vertical; the bar is then loaded at the centre until it breaks. 
The usual breaking load specified for a good quality of iron 
for castings is from 1-3 to I-!) tons, and the deflection just 
before fracture should lie between 0-3 and 0-5 inch. 

The bend test usually specified for mild steel bar* is that 
' a rod of from I inch to I inch diameter should stand bending 
over through 180° to an internal radius equal to the diameter 
of the bar. The same test is sometimes specified for standard 
steel bars of up to 50 tons ultimate strength for aeronautical 
work. 

Steel plate is usually tested for bending by doubling it over 
flat upon itself in any direction of the plate, and hammering 
or pressing it double. 

Eor alloy steel plates this method is modified somewhat by 
specifying a maximum internal radius, after binding double, 
equal to the plate thickness. 

The International Aircraft Standard Bend Test Specification. 

Bend Test. — [d) The specimens .shall be bent cold in the 
bend test. ^ 

(c) Bars .—Bars will be bent ardund a pin of radius equal 
to the bar diameter or thickness until the sides are parallel; 
unless otherwise noted, the bar m«ust withstand such bending 
without developing cracks or i^ns of failure. 

|y) Sheets .—The test comprises two distinct operations, 
both of which arfr performed by the use of a press, or, in the 
absence of this, by 'using a knif«-edge and hammer. First,- 
the strip is placed in position AB (Fig. 60) on block having 
a V* shaped groove. The knife-edge is placed as shown, and 
pressure is applied .by means of either press or hammer until 

• Tensile strength from 30 to 37 tons per square inch. 
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the test specimen assumes the shape AUii. ’ yWter this 
block is removed the bending is finished as indicaterl in" 
Fig. 51, with or without the interposition o^a .sjiacer. The 
.spread of the ends of the test piece varies with the quality 
and thickness of the sheets. The s])eciinens must be bent 
as indicated without breaking, and after tost shall not show 
hair lines, cracks, or other defects. 

Other Bending Tests. —Mild steel tubing is often specified 
to be of .such a quality as to withstand bending over through 
180“ and hammering flat without splitting or shotving flaws. 




Brass and copper tubes for witlrstanding hydraulic pres.sure 
up to 300 pounds per sqim«'c inch are tested by sawing longi¬ 
tudinally one side of a piece of length, equal to at least 2 
diameters, and then bending the metal inside-out until it is 
bent double upon itself. 

Another test is to fill a piece ftf the annealed tube* of length 
equal to not more than 15 diameters, with resin, and to beml 
this tube around in a circle until the extremities touch. I?o 
cracks or flaws must develop in either case 
Still another test is to place the tube upon tM*o suppoj'ts 
at a distance apart equal to 10 diameters, and to load the 
tube centrally until the deflection is equal* to 11 diameters; 
no defects should show after this tost. 


s 
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, Rafwires and Wing Bracing Wires. 

It is usual t(» specify a bend test, which necessitates bending 
through 180° until the internal radius of the bend is equal to 
the ininimuiu width or diameter of the wire, as the case may 
be. No cracks should show on the surface. 

Stranded Steel Cable. 

The flexible type as used in aircraft work should be ca|)able 
of bending around a rod equal in diameter to its own a large 
number of times, without any of the strands fracturing. 

Malleable Bronzes (such as Delta Metal). 

These materials, which can be forged, must be able to 
withstand, without cracking, the test of a circular bar being 



F[(). 52.—Corn Benu Tests urot. Nickel-Chkome .Steei.. 

4 


bent double (f.e., through 180") until the internal bend radius 
i.s equal to froip 1| to 2 tiiifes tlu^ diameter of the bar. 

Fig. 52 .shows sopio photrygraj)hic reproductions of cold¬ 
bonding tests upon nickel-chrome steel* having an elastic 
Kmit of 40 tons per square inch, and a breaking strength of 
i)0 tons per square inch, wdth’a 20 per cent, elongation on 
2 inches and a 50 per cent, reduction of area. 

The left-hand specimen was a 1-inch square bar, and the 
centre one a l|-inch round bar, having originally a deep 


Made by Messrs. Vickers, Lt^. 
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notch upon the tension side. The specimens were 1)cnt under 
a hydraulic press. 

Fig. 53 is a photographic reproduction* of bend tests upon 
a case-hardened nickel steel of twp grades of hardness— 
A and B—and a case-hardened mild ste(‘l C. 

The steel in A was ease-hardened in the ordinary wa;y, but 
was quenched in cold water. It is stated that the .skin was 




• • 

I'in. G3. —Results of Benkino Tf.sts upon Case-Haudeneii Milo ami 
Nickel SjrKEL.s. • 


so hard that it readily scratched glass. The core had aj 
clastic limit of 65 tons per square inch, and an ultimati 
strength of 80 tons per square inch. Its smaller^ degree o 
elongation is apparent by the relatively smaller bending angle 
before fracture. 

The same steel is shown in B, but quenched in boiling water. 

Upomstcols made by Messrs. Vickers, Ltd. 
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The skin is stated to bo hard enough to just scratch glass, 
and to be too hard to file. The ultimate strength of the core 
is given as 37 tons per square inch. 

The mild steel bar shown in C was J inch in diameter, and 
had a gla.ss hard skin. Tensile tc.st results of the material 
of the core gave an elastic limit of 22 to 25 tons per square 
inch, and an ultimate strength of 35 to 40 tons per square 
inch, with an elongation varying from 33 to 30 per cent., and 
a reduction of area of from 70 to (iO per cent. The fracture 
was fibrous, and was coarser than that of th(> steel in the 
preceding exa?n])les. 


The Torsion Test. 

It is a matter of some surprise that the torsioir-test method 
is not more widely adopted, in view of the fact that a large 
number of materials arc emiilo^ed for rotating parts and 
parts .subjected to shear; several of the large automobile 
steel manufacturers are beginning to recognize the value of 
the torsion test, and are subjecting their materials to it,’ as 
a pass test. 

In torsion tests the strength of the material under shearing 
action is that chiefly concerned, and it may be ri'garded as a 
ready moans for observing the shear strength and modulus 
of rigidity of the material. 

When a circular rod of a plastic materia! is subjected to a 
torque of eonqmrdtively small amount, the shear strain at 
any part is proportional tet thq torque or to the shear stress, 
and it i!i,a maximum at the J)eriphery and zero at the centre. 
^Within the clastic limits in shear, the stress is almost directly 
.proportional to the strain, but beyond the elastic limit the 
specimen will take a permanent sot, or twist, when the torque 
is removcid (which may, however, be removed by annealing). 

* W'hen the torque is continued, in the case of a plastic 
material it i.s fqund that when the maximum shear stress is 
reached on the surface, which would cau.se breaking, the 
'pjeciinen does not suddenly shear, but..that fracture only 
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occurs when the maximum shear stress becomes ^practically 
uniform over the whole section: it does not, of course, increase 
any more at the surface. , 

The value of the shear stress calculated from the breaking 
torque value is always higher than the ordinary value as 
found by more direct tests; this, as in the case of stre.sses 
calculated for beams at their breaking-load values, is due to 
the uon-a|(plieation of the formula! based upon the ordinary 
assumptions of stre.ss and strain proportionality. 

Torsion Test Results. —When a cylindrical s|^ecinien is 
gripped in the torsion-testing machine at the one end and 
twisted at the other, it is found that an initially straight 
longitudinal line upon the .surface becomes spiral or helical as 
the torque is increa.sed, and that the specimen progre.ssively 
shortens in length and increases in cro.ss-section. For plastic 
materials such as iron and steel, in the shape of cylindrical 


Fid. .'54.—Toi{si5n-Teht Specimen. (tisE-HARDENEO Nickei. Stkei.. 

rods of length equal to about eight diameters, the specimen 
will require between .51 and 8 complete revolutions before 
fracturing. For high-earbon and alloy steels the number of 
twists varies from 1.1 to 4. 

For catit iron the toripie*,?',,, which will bri'ak a circular bar 
can be calculated from the following empirical relation : 

whore <{^ = the equivalent shnnring stress, d dkimeter or 
coelilcient of torsional stress. , 

The value of this coefficient varies from aTjout Kf tons per 
square inch, in the case of #he softest grey iron, up to about 
24 tons per square inch for the hardest white iron, "being about 
18 for medium grades. * 

The following tables (Nos. XXIV. a'nd XXV.) show 
some torsion tests to destruction results for iron and steels. 
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Table X^IV. refers to some of the results of Platt and 
.Hayward’s experiments.* 

r TABLE XXIV. 

'^roH.SIONAL ANJ) SjTEAR StKKN(!TH OK StEEL AND IrON. 




Coe/p- 
rienl of 
V'or.sioM- 
al Strp.‘<.s 
lU 

Fraetftre 




Ultimate 



No. of 

Cot'IJi- 

IHiiinate 

Shearinq 


i'Jldstic 

Revolu- 

dent of 

TeiiHile 

Strenqth 


Ijinni in 

Oo//' 

Ri'jtdil// 

Strenqih 

from 

Malt! lal. 

Touh per 
t^tfuare 

in \)-lnt h 
Lcnijfh 

in 

Tons per 

in 

7'o«s' per 

Shear in(j 
TcMm in 


1 nch. 


to 

Squa) e 

Square 

Tons per 



Sijuarc 

J nrk. 

Fracture. 

1 nch. 

Inch. 

Squat e 
Inch. 

Wrought iron, 

H-Ul) 

25-2 

S'Ul) 

5714 

21-00 

I8*70 

crown boat 
Jkissomcr stool .. 

20-28 

44-(i2 

3-84 

5750 

52-20 

35-21 

Crucible stool .. 

10-30 

42-3(> 

4-3(; 

(>008 

52-10 

33-30 

Jiivot stool 

l()-2() 

20-85 

7-8,-1 

.7834 

28-40 

23-00 

ytool from caHiiiiM 

lo-to 

34-70 

4-15 

5882 

38-04 

27-00 

Siomoiis - Martin 

10-10 

28-13 

3-02 

5081 

2.7-75 

20-04 

stool 








TABLE XXV. 

Result.s of 'I'orsional ’I'est.s upon Alloy Steels. 

(Messr.s. Vickers, Ltd.) 




Tensile Test. 



Torsion Test. 



■ 




Cah'ulaied | 



Malt! lal. 

Flastic 

Ultimate 

Flon- 

qatioil 

Reduc- 
t^m oj 
.\re<i 
pet 
Cent. 

Sheatinq , 
iS7/('.sd. i 

Final Twist. 


Limit. 

Sitenqth. 

per 

Cent. 

Elastic 

.Mod- 

-1 mjle 

Rero- 




* 


Linut. 

mum. ! 


lulions 

Carbon stool 

24-H 

30-0 

~r 

30-0 

03-() 

17-2 

39-2 i 

1405° 

3-00 

^ (axle) 

Nickol stool 

33-2 

44-4 

25-0 

05-8 

23-2 

i 

40-5 ! 

1474° 

4-09 

Niekol-ohroino 

45-0 

,58-0 

iU-5 

63-0 

33-5 

49-2 ' 

1252° 

4-4*8 

steel 

f 










Note. —Tlio torsion specimens moasiirod 8 inclics long ily 1 inch diainotcr. 
All stresses are given in tons per square inch. 


* Proo. Inst. Civil Engineers, vol. xc., p. 382. 
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Repeated Stresses. 

Hitliprto only the steady or static stresses have been • 
considered; it next remains to consider Ihe effect of 
stresses caused by loads which fluctuate in value between 
certain specified limits, frequently. Such stresses occur in 
numerous cases in engineering practice, and their effects arc 
quite different from those of simple static strccsses of the same 
amount. In the following notes stresses which are of the 
same sign—that is, either of tension or of compression—but 
which fluctuate in value, will bo terjned " varying*” stre.sscs, 
whilst those which alternate from tension (or positive) through 
zero to conqjression (or negative), or vice, vrr.sa, frcfiuently^ 
will he termed " reversed ” stre.sscs. The term ” alternate ” 
will be employed to denote both of these stres.ses collectively. 

if the stress limits lie well within the elastic limits the stress 
variations may proceed for very long ])eriods; for example, 
the hair spring of a watch is alternately in tension and com¬ 
pression at the rate of about loO million alternations ])er 
annum. 

On the other hand, if a piece of nu'tal strip or bar be 
bent backwards or forwards a few' tinn's so that stresses are 
outside th(' elastic; limits, it will fracture in a very short time. 

It has been found that metals which are subjected to fre- 
(pienlly alternating stresses will fracture at a much lowcu' 
value than their ordinary statical stress, and that tlu' material 
will fracture; sooner for a given range of reversed stress than 
for the .same range of varying .stre.ss. • 

Further, the efTect ujion ,the, elastic limit of a frequently 
varying stress of a maximum amount which aloes imt ex(;ecd 
the original statical elastic limit is to raise same; the effect 
of a reversed stress is to lower the elastic limit. 

_ Extensive researches iq^on alternating stre.ss effects, 
extending over a period of twelve years, were made 1^ Wohler, * 
the results of which were jiublished in 1870. 

* “ J)io Fostigkoits-Versuclio niit Eisen uiid Stahl.” Berlin, 1870. 
Alao m ICiiijineering, vol. xi., 1871. 



120 AI^RAFT AND AUTOMOBILE MATERIALS 

These tegts were made in machines of different kinds in 
which the specimens could bo subjected to direct tension 
between any uredctermined limits, to repeated bending in 
one or in 0 ])poHite directions, or to repeated torque of opposite 
signs. 

One type of machine which has since been employed in 
later alternating stress tests is similar to that shown upon 
p. 212; this machine was used for alternating bending stresses, 
so that the material was alternately in tension and compres¬ 
sion once every revolution of the driving shaft. 

'The general result of these researches (since repeatial and 
confiritied by other exj)erimenters) was to show that the 
resistance to fracture or the safety of any engineering 
structure under alternating stresses depends primarily upon 
the, rantje of viiriation of the Mrenti, and ujjon the number of 
repetitions of .“anie. 

Also, that reversed stresses well within the clastic limits 
W'ill ultitnately cause fracture if repeated for a sufficiently 
large number of times. 

Furthermore, Wohler showed that in general the smaller 
the range of .stress, and the lower the value of the ma.xiiuum 
alternating stress, th<! greater the number of rtqietitions of 
.stress it will stand before fracturing. 

Below a certain limit of stress range, the material will 
stand an indefinite number of stress re 2 )etitions before 
reversal. , 

Thus, in the case of a certain grade of mild steel it was found 
that when the tensile stress varied from zero to 30 tons ))er 
square inch at a given rate of loatling, the material fractured. 
When thcr range was from zero to 25 tons per square inch, 
h^lf a million reversals, at the same rate of loading as before, 
w*re sufficient lo cause fracture. From zero to 23 tons 
per square inch, a' million revet sals caused fracture; from 
zero to 20'toms per square inch, 41 million reversals were 

t 

necessary. 

When the stress varied from zero to 15 tons per s(iuaro 
inch frequently, it was found the “ limiting range of stress ” 
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was reached at which an indefinitely large number of reversals 
would be necessary to cause fracture.* 

It has been found that alloy and high-carbon gteels withstand 
a greater number of stress re|>etitions of the same range than 
mild steel or wrought iron, and that they possess a higher 
litniting range of stress. 



Fill. 

'J’he results given in Table XXVI., and which arc repre¬ 
sented graphically in Fig. ij.r, show tjje relations between 
the range of stress and the number of stress repetitions for 
the materials indicated. 

The effect of “ roverfted ” strFsse.s as compared wfth “ vary¬ 
ing ” stresses is best shown by considering some of the imwe 
reliable experimental results,! such as those given in Ta&le 

XXVII. It will be seen at*once that for a given number of 

• 

• Later rcsearclios point to the conclusion that there is a definite but ♦ery 
small change in the structure of the metal, even for very small ranges of 
stress, and that no metal would stand an infinito number of variations. 

t Vide Unwin’s “Testing of the Materials of Construction.’’ 
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, ■ TABLE XXVI. 

Relation between Stress Repetitions and Stress Range. 
(Wohler.) 

(Rotating Bars in Reversed Bending.) 


Material. 

Stress in Tong per Square 
Inch. 

Maximum. Minimum. 

Ranqe of 
Stress xn 
Tons per 
S<iuare Inch. 

No. of 
Repetitions 
before 
Fracture. 

Axlu StfMll 

+ J 

-- ltl*3 

32-b 

51,240 



15*3 

30*() 

72,040 


u*;} 

14*3 

2M-6 

205,800 


K}-4 

J3*4 

23*8 

278,740 


12-4 

12*4 

24*8 

504,900 


ll-f) 

]|..5 

23-0 



10-5 

10-.5 

210 

8,r)(io,ooo* 

Copper riKl .. 

+ 7-(i4 

-7*(i4 


30,875 


7-(;4 

7*b4 

15*28 

»)7.725 


(i-bb 

(>•()<) 

13*38 

480,700 


b'2l 

0*21 

12*42 

01)3,100 


5*1)7 

5*97 

11*04 

708,000 


5*7:^ 

5*73 

] 1*4() 

2,834.325 


4-7S 

4*78 

o*r)() 

(0,327,400 


stress repetitions causing fracture the range of reversed stress 
may be about the same in each ease, but that the maximum 
stress for a given range is considerably low('r for thc^ case of 
reversed stresses. 

Anothw’ feature eonfirmed by tiie tabular data is that of 
the greater range of stress which Tiiaterials of higher tensile 
strength will withstand; thus, in the ease of the wrought-iron 
tests the maximum range of* rei^ersed stresses was 14-3 for 
a tensile strength of 22-8 ton* per square inch, whereas in 
th^ case of Krupp’s axle steel this range was 28-1 for a tensile 
strength of 52 tons per square inch. Fig. ob illustrates graphi¬ 
cally the relation between the limiting stresses, the stress 
range for static, varying, and reversed stresses, and the num- 
ber'of reversals to just fracture, for mild steel. 


* Not broken. 
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In the case of the results given for untenipered spring 
steel (Table XXVII.) it will be seen that the range of varying 
stress jjrogressively diminishes as the maxijnum value of 
the stre.ss attained increases, the limiting value being that 
of zero range for the ultimate statical ten.silo strength. 



It should be emphasized that the above results refer to 
what may be termed the varying and reversed stress liifiits 
for a given endurance before fracture—namely, of at least 
2 or million strfias-cv<:le renetitioms. 
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< • TABLE XXVII. 


Results op Repeated Stre.ss Tests.* (Wohler.) 


Material. 

, Mini- 1 
' rnuvi 1 
.S7rc.w. 

1 

Maxi- 

minn 

Slras-f. 

Kuyifje 1 Slaikal 
oj 1 Tenstle 
iShefis. IStranjth. 

A ulhorily. 



per 

Sqnaie Inch. 


VVrought-iron jilato.. 

0 1 

i;m 

]:M 22-H 1 

Bauschinger. 

11-4 ; 

19-2 

7-8 22-8 , 



7-1.'i 

-f 7'ir. 

14-3 22-8 ! 


Bessemor ntoel 

0 

1.5-7 

! 1.5-7 2H-« 

Bauschinger. 


u-:i 

23'8 

1 9-5 28-(i 

■» 


1 

. +8-.5 

17-10 28-6 

- 

Axle stool .. 

0 

' lH-4 

18-4 :i9-0 

Bauschinger. 


I9-.5 

;i0-85 

i ii-:i5 ;i9-o 



-»'7 

, +9-7 

1(1-4 HIM) 

- 

Krupp’s axle steel .. 

'> 

26-5 i 

26-5 ,52-0 

Wohk-r. 

!7'.7 

:!7'75 

20-25 .52-0 



- i 

1 + 144).5 ! 

1 28-10 52-0 

- 

Sjiriug stool (not tcni- 


1 2.5-5 

2.r.-) .57-5 

VV’ohlcr. 

pored) 

12-5 


22-.5 57-.5 



20-0 

40 0 

1 20-0 57-5 

, 



1 45-0 

i ir.-o .57-,5 


—The above n 

.'suits refer to eases 

: m which the mate 

rial withstuod 


at least 2 or li million repetitions before breaking. 

Effect ol Rate ol Loading. — It has been foundf that the 
rate of load or stress repetition may vary from zero to abt)ut 
700 or 800 alternations per minute without a])))reeiably 
affecting the results.' Wohler’s tests were made at 60 alter¬ 
nations per minute. Messrs., E(^('n, Cunningham, and RoseJ 
found no effect' upon the limiting range of stress between 
250 and 1300 revolutions per minute. On the other hand, 
Reynolds and Smith § found a diminution in the stress range 
of about 30 per cent, for an increase in the alternations from 
1600 to 240()_pcr minute in the case of mild steel. 

♦tFor more extonsivo results refer to Unwin’s “Testing of Materials.” 

f Stanton and Bairstow, Proc. Inst. Civil Engineers, vol. clxvi. 

* “ Endurance of Metals,” Proc. Inst. Meeh. Engineers, 1911. 

§ Phil. Trans. Koy. Soc., 1902, p. 265. 
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It was also shown that a high-tensile steel such as»cast steel 
of 58 tons per scjuare inch did not have any higher stress 
range at these high speeds than 2(i-ton mild steel. 


Formulae for Stresses due to Repeated Loading. 

The published results of Wohler’s alternating stress tc'sts 
have been embodied in the following formula, due to Clerber: 

Calling the breaking strength of the material f(jr a 
repeated load giving stres.ses ranging from and ± 

for an indefinitely great number of alternation*, then the 
stress range 

where ± eorre.sponds to stresses of the opposite kinds to 
and k,„„ to the same type of stress. 

The stress range A is then always positive in value. If 
K is the statical breaking strength of the material, then 

= § - nSK 

exf)re8ses the results of Wohler’s tests, wdiere 71 is a constant 

whose value dey)ends upon the tyyK' of material. 

For wrought iron and mild steel n -- l-.o. 

For hard steel . . . . . . w - 2-() 

In Table XXV'III. the formube, deduced from the one 

above, arc given for certain special cases of |)ractical interest. 

By sub.stituting the values f)f n j)reviously given for ductile 

materials, the rover.sed stress limit works out at 

K/;5— i.c., the working stress limits ntust not exceed from 

K K 
- . to e . 

> 

For varying stresses from zero to k„,^^, th(' value of k,„^^ 
works out at 0-61 K, so that the working limits of stress'for 
.stresses varying frequently^ from zero ta a maximum ^hould 
not exceed 0-61 of the statical ultimate strength^ 

For hard and brittle steels, the corresponding revtjrsed 

K K. 

stress limits arc from - ^ to + ^, and foi* varying stress from 
0 to 0-472 K. 
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TABLE XXVIII. 

PoBMUL.® FOB Various Kinds of Repeated Loading 
Stresses. (Unwin.) 


Type oj Stress Variation. 

Stress 

1 Ranqp 

' Formula for Maximum 
Stress causinq Fracture 
for an Inpnile Number 
oj Load licpehtions. 

Steady 8 tre«s only 

zero 


Tension, from 0 to 


■ - 2 (\' /'-4* 1 ■■ If )K, 

Tension, from to 

Tension, from lo .. 


s('\/'« + ' 

1 b„.x 

ditto. 

From - to + .. 

From - kmn.% to 4 - /-mB, 

^'max 

2/<)iiax 

<’m»x----2(V«“+ 1 - M)lv 

/■ 

Anmx- 2„ 


The Launhardt-Weyrauch Formula. —This empirical formula 
expresses the limiting value of for both varying and 
reversed stresses, and gives results which agree fairly well 
with the observed ones. 

Thus,/„„- §K (l + 1 for mild .steel. 

\ J max' 

This formula* gives a reversed stress limit of from - to 

1C K 

+ 7^, and a varying stress limit of from 0 to 2 - 

The diagram showp in Pig. ,57 expresses the results of the 
above formula graphically, and enables the limiting value of 
the maximum stress to t)c read off for any given type 
of stre.ss variation. Por exaiitple, for a stress varying from 
a negative value denoted to scale by oc, the range of stress is 
refiro.sented by cot, and the safe maximum stress by ol. 

Poi* a varying stress commencing from any initial value 
Ojfj, the pertnissible range is given by t^t^, and the maximum 
allow'able stress by Ojfj. 

♦ In deducing those values, the sign of ftn must be taken as being 
negative. 
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These stresses are the limiting values which will withstand 
an almost indefinite number of repetitions at a rate not ex¬ 
ceeding a few ljundred per minute. The maximum stress 
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curve ASD is often, as in the above formula, replaced by the 
straight line AD. Fig. 57 also shows the “range of stress” 
curve for different value.s of the maximum stress (abscissa;). 


Fatigue. 

IVhon a material suffers fracture owing to repeated stresses 
of varying amounts, it is said to suffer “ fatigue ” or weakening. 

It has been a popular notion for a long time that the effect 
of repeated stresses or of shocks* is to alter the molecular 
structure of the metal, and to render it “ crystalline ” or 
brittle. The structure of a metal is necessarily crystalline 
al.vays, but the eff(!Ct of an ordinary tensile fracture is that 
the crystals become elongated in the direction of the pull, 
so that they collectively present a fibrous appearance, whereas 
in the case of a fatigue fracture (which invariably occurs 
without local deformation even in dutfiile materials) the cry¬ 
stals are broken through without b('ing elongated appr(;- 
ciably, so that collectively tiu; fracture appears to the eye 
crystalline. 

Ihc first visible effect of fatigue is in the production of 
slip bands upon odd crystals, even for strt'sses within the 
elastic limits; the next change consists of a multiplying 
slip-band effect, in whicdi more crystals are affected and 
broader bands develop, and also the edges roughen and be¬ 
come blurred. These slip ban l.sg next d(;velop into cracks 
which spread from crystal to crystal until fracture as a w'hole 
occurs. It has been noticed that when a crack or lliw is 
present, the effect of fatigue‘is tb spread from this place over 
the rest oi the surface. o 

I ' 

Impact or Shock Stresses. 

• In the preceding cases of repeated stresses the loadings 
ha've been more or loss gradual, although reference* has been 
made to cases of repetition rates up to 2400 per minute; it is 


• See p. 124. 
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possible that very rapid reversals and alternations of 
loading produce the same effects as those of impact or 
shock. 

There is, however, a difference between the effects of gradu¬ 
ally applied and suddenly applied stresses, for the general 
effect of a shock is to tend to destroy the plasticity of the 
material and to produce a certain local hardening effect; 
the net effect of repeated shock is a gradual falling off in the 
strength of the material and, if the intensity of the stress 
produced exceeds a certain limit, an ultimate rupture. 

The subject of shock or impact stresses is of very high 
importance in automobile and aircraft practice; for example, 
when a motor-car is travelling over a bad road a series of 
impacts are given by the road to the wheels; these are partly 
absorbed or expended in deformation of the springs and tyres, 
but are also transmitted to the c' assis and body members 
as modified shocks, and the car members must be designed 
to withstand such shocks. Ev'en so, cases frequently occur 
of bolts, ijins, and other members fracturing after a certain 
period of wear. 

In the case of aeroplanes, owing to the limiting weight 
allowable for the undercarriage springing, part of the taxi-ing 
and landing .shock is transmitted to the framework of the 
undercarriage, wheel axle and components, and fuselage. 
Again, the cylinder and j)iston, gudgeon pin, connecting rod, 
crank-shaft, valves, and tsi^pet mechanism of petrol engines 
are subjected to explosion and operating shocks, and the 
design must allow for shock stresses occurring repeatedly. 
All parts subject to repeated shock or impact require higher 
factors of safety than ftr graditally repeated or stafic stresses 
of the same kind. ■ 

When a weight W is allowed to fall suddenly upon a vertical 
bar or rod, aejshown in Fi^. 68, so as to produce a tensile 
stress effect, th» strain produced is double that which woul^be 
produced by the same load gradually applied; and, similarly, 
the maximum stress ot a sudden load or shock will be double 
that of a gradual load of the same amount. 
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If the^strcss produced lies within the; elastic limit, the bar 
will execute a number of longitudinal vibrations similar to 
a spring, and these will gradually die away in time. 

If, however, the stress produced is just greater than the 
elastic limit, then the material becomes slightly elongated 
permanently. Another way of considering the effect of shock 
is from the energy standpoint, for the kinetic energy of the 
blow (as in the case of a falling weight) must be used up in 
stretching the s )ecim(‘n and its supports. If the latter bo 
assumed tigid, the whole of the shock energy is utilized in 



stretching the specimen: if now this shock energy be greater 
than the amount of work capable of being used up in clastic 
strain, the elastic limit will bo exceeded, and a hardening 
effect upon the material wilj occur. Each succeeding shock 
of the same amount will in turn cause a corresponding harden¬ 
ing tendency, so that there will be a gradual deterioration of 
the material owing to its loss of plasticity or power of elonga¬ 
tion. Such offects.occur in the^cases of crane chains, hawser 
and wire ijopes, subject to live loads; these, in practice, are 
foand to gradually weaken, and to ultimately break at a 
comparatively lo^ load value, which would hitherto have been 
considered quite safe. 

The instantaneous stress produced by a live load W, in 
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tlie of a member carrying a dead or steady load W, of 
the same kind, is given by— 

W+W, W 
A + ■ A' 

where A - eross-.secdional area of meml)er. 

Or, tlie instantaneous stress ])roduced is e(iual to the sum of 
the live and dead load stresses, considered as an equivalent 
dead load, j)lus the change in loail ” stress considered as a 
dead load. 

The gradual eleterioration in a material subjected to shocks 
IS often terTmsl “ fatigue,” for the fractures which oi-eur under 
these circumstances are similar to that of brittle or non- 
ductih' materials - namely, without any a])preciable elonga¬ 
tion, the aj)plieation of tlu^ term ‘’fatigue” in such eases 
is probably more justifiable than when used in conne.'tioa 
w'ith deterioration under repeated stn-sses In either case, 
how'ever, th<5 ultimate, effects bear a resemblane<\ ami the 
process of annealing can be ecpially well apidicd to fatigued 
materials which are not too batlly weakened, even altlnmgh 
the elastic limit has been exceeded. 

Working Stresses in Materials—Factors of Safety. 

The whole subject of engineering design is largely governed 
by considerations of the maximum allowable stresses. In 
many cases the proportiyns of members under stress cannot 
b(^ directly estimated, anfl often the pro])ortions of the loads 
borne by members cannot be; accurately <H)mputed; in such 
cas('s the dictates of exj»eri(%ice and of experiment must 
decide the actual proportioniy 

In the. majority of cases occurring in design work, however, 
it is possible to estimate the loads coming fipon the members 
of an engine, machine, or structure, and the proportioning of 
these members for successfully withstanding their loads for 
long periods can be readily decided from a knowledge of the 
properties of the material under the particular tyjie of load 
application— i.e., whether the stress produced is a static, 
varying^ reversed, or impact one. 
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The final dimennions are not always entirely fixed by suoli 
considerations, ulthougli these arc; usually of the greater im¬ 
portance; for example, in the case of an internal combustion 
engine cylinder it is a simple matter to work out the thickness 
of the walls to withstand the explosion load equal to that upon 
the piston head, and to allow for the shock effect of this load. 
If this calculation be made for an actual case, the thickness of 
the cylinder walls for cast iron usually works out at about 
J| inch or less. Now, it is not possible to make such a cast- 
iron casting of less than about | inch thickiuws, and allow¬ 
ance must be made f(jr the wear of the walls, provision for 
rehoring after such wear, initial easting stresses, and the stress 
due to tcnqicrature dilferences occurring when working; 
the actual thickness adopted is theriffore between inch and 
} inch.* Numerous other examjiles occur in d(>sign work 
of dimensions being modified by jiractical (mnsiderations. 


(1) Steady Load Stresses. 

VV'hen the load is a steady or “ dead ” one, and invariable in 
amount during the life of the machine or structure, the work¬ 
ing stress can be, relatively speaking, a high precentage of the 
breaking stress; it must, however, lie W'ithin the elastic limit. 
The expression Factor of Safetyf is usually applied to the 
ratio of the ultimate breaking stress to the working stress— 
that is: • 


Factor «f Safety 


Ultimatt! Stress 
Breaking Stress' 


The choice of a factor of safety fin the case of a steady load 
will depend upon (a) the typeiof material employed; (6) the 
accuracy with which the load can bo estimated or determined; 
(c)Hhe degree or quality of workmanship in the manufacture 
of the member; (d) t'lie possibility of subsidiary stresses, such 
as those dub to temperature; and (e) chemical deterioration 
duo to atmospheri ■ or other exposure for long periods. 

Those values refor to the niaclunod cylinder; tho rough-cast cylinder 
would vary troni inch to | inch in thickness. 

I Usually denoted by tho letters F.y. * , , 
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The factor of safety for accurately known lo^s will be 
higher for homogeneous metals, such as the various steels, 
than it will be for cast metals like cast iror, brass, etc., for 
the latter are subjected to unknown casting stresses, due to the 
different rates of contraction, or cooling, of different parts. 
Thus, castings such as those shown in Fig. oi), will be .subjected 
to internal stresses, owing to the thinner parts cooling more 
(piicklj than the thicker parts, and will tend to fracture in 
tension at the.sections A’’-X. I'nifornily thick materials are not 
in general subject to this effect. 



For different steels the ratio of the elasticjimit to the tensile 
strength varies, and therefoVe the niost suitable material ' 
for dead load stresses is (other things being i^pual) f)ne in which 
the ratio of the elastic limit to the tensile sjtrength istho greatest. 
For low-carbon mild steel ^liis ratio is about 05 per cent. For 
4 per cent, nickel case-hardening steel it is 75 per cent, foj’ the 
unhardened state, and 86 per cent, for the case-hardened state. 
For high-grade nickel-chrome steel as used for connecting- 
rods inlet valves, sjjeeial engine gears, etc; , this ratio is 
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60 per cent for the unhardened state, and about 00 per cent, 
for the oil or air hardened .state, the tensile strength being 
from 100 to 120rtons per .square inch in this case. Lower 
values for the static factors of safety may be employed for 
thes(^ latter steels. 

Again, the factor of safety for metals is always higher than 
that employed for timbers, for the strength of timber depends 
largely upon its mode of growth, the climate, soil, season of 
felling, nature of the seasoning process, final degree of 
moisture, anjl other uncertain factors. Moreover, the results of 
.tensile and otluT tests upon certain timber specimens cannot 
b(! accurately applied to other similar timbers, unless (he 
whole of th(!.se factors and tlnnr effc’ts are known. Even 
with an efficient method of timber inspt'ction, much higlnw 
factors of safety must be employed, for other miscellaneous 
raatetials, such as fabrics, cords, fibre, rubber, etc., tln^ ])ro- 
perties are usuall 3 ' more accurately (h'terminable, and apjjro- 
priate factors of safetj' can be chosen for their working con¬ 
ditions. 

Under the circumstances considered the following are the 
factors of safety usually ado])ted for accurately known steady 
loads: 

For steel and iron members. . . . . . from 3 to 4 

For cast iron and cast metals in general .. ,, 4 ,, r> 

For timber .. .. .. ,. .. ,, 7 ,, .S 

For brickwork, stone, masonry, eta. . . „ 1,-i ,, 24 

e 

The above represent the minimum values under the stated 
conditions; in emplojdng these results tin* considerations 

previously mentioned* should not be overlooked. 

• • 

(2) yrequently Repeated Load Working Stresses. 

The same general consideration^ apply as in the case of 
materials suljject to steady loads, but the factors of safety 
will,* of course, be higher. Also the F.S. for a varying load 
of a given range wilj be lower than that for a reversed load of 
equal range. 

* Fic/e p. 132. 



PROPERTIES OF MATERIALS UNDER ISEST 135 


From the formulso deduced from Wohler’s exp^'rimental 
results it will be seen that by substituting the value n- 1-5 
for ductile materials the ultimate; strength for frequently 
repeated stresses varying from zero to a maximum occurs at 
one half of the static strength, whilst for stresses varying 
from negative to positive values the maximum stress vahn; 
causing fracture, ultimately, is about one third of the static 
breaking strength. 

Thus, if the F S. for a steady load be 3, then for a varying 
load it will be 0, and for a reversed load it will be 9. 

The value of the working stress can also Ix' determined ^ 
from the Launhardt-Weyraueh formula: for if the F.S. for any 
material under static load be denoted by r, then the value of 
the working unit stress /, is given by— 

, , K /, , max stressx 

■ 1 + 1 ■ . 

■’ r \ ~ mm. stress/ 

where K- ultimate static strength of the material 

In connexion with the ((uestion of working stresses for 
.structures .subjected to both “ liv<' ” and ” dead ” or steady- 
loads, it is intere.sting to note that in the ease of bridges, in 
which the ratio of live to dead load is larg(\ the working stri’sses 
for good mild steel vary from 31 to 51 tons jier scpiare inch. 

The corresponding values given by the above formula are— 


r. , i>'in. loadn tons per 
VV orking unit stress ^ (21 to .1:;) 1 + 1 i i ■ i 

” V . - max. loadj squanMiict 

'I'his formula fixes the working stress range. 


(3) Impact Stresses. 

The effects of shock and ^ilso of repetilion sl^resses aie 
conveniently embodied in the formula— 

E(piivah‘nt dead load - maximum load +load variation. ° 

This method reduces live loads to their equivalent dead¬ 
load value, and then treats this latter as an ordinary static 
load Then the F.S. is directly given by— 

^ Ultimate stress 

~ Equiv. dead-load stress. 
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The fc^lowing factor of safety values are recommended 
by Unwin, and should be regarded as being the minimum 
values for ordinary engineering practice. Different allow¬ 
ances must be made for special cases, where short or extra 
long endurance, liability to corrosion, bad workmanship, etc., 
are important considerations: 


TABLE XXIX. 
Factors of tsAFETv. 


Factor of Fafettj. 


Material. 


Live or ]'aii/iii(/ Load 


Dead Load. 


Stie.'i.^ of One 
Kind onhj 


lierersed 

Stre.is. 


For CascH of 
J III part 01 
Fhocfc. 


Cast iron .. | 4 

Wrou^lit iron and : H 

stool i 

Timber .. .. 1 7 

Brickwork and j 2d 

masonry | 


b ' 10 ‘ Id 

T) ' 8 12 

, ! 

10 15 20 

:io - — 


Factors of Safety in Aeroplane Construction. 

The working stresses are generally calculated for the case 
of the aeroplane flying horizontally in still air, the normal 
“ load ” in this case being equal to the weight. The usual 
method hitherto adopted has been to choose a “ factor of 
safety ” of, say, 6 upon the normal loading stresses to allow 
for abnormal stresses; it will be .shown that this factor of 
safety is ifiadequate and inisleilding. 

•The normal loading of a machine may be increased to many 
titles its value under different conditions of flight. Thus, the 
effects of banking, diving, antf flattening-out, sudden or 
irregular gusts, etc., all impose higher loadings upon the 
machine. 

The following figures, based upon careful estimates of the 
loadings under the stated conditions, show the ratios of the 
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loadings under the given conditions to the normal loading 
upon the planes: 

For banking, 1-5; for wind gusts, 4 to 5; fo. flattening-out 
after a steep dive, 5 to 7, and for looping 3 to 5, depending 
upon the speed. 

For any combination of these conditions, the value.s given 
must be multiplied together Thu.s, for a sudden unfavourable 
wind gust whilst banking the value would be 1-5 ■ 4-5 - ()-75. 

The figures given for flattening-out after a .steel) <h'’e I'e- 
prescnt an extreme ea.se, which would not bi‘ ri‘ajii'-ed by a 
careful pilot. The luaxiTuum abnormal loadings in practice 
could hardly exceed about fivu times the normal. Under the.se 
conditions the dimensions of the nicnd)ers subjeef-i'd to stre.sses 
due to these loadings should be such that there is still a margin 
of safety in tlic material itself. 

It is advisable to allow <in initial factor of safety of about .7 
to allow for the maximum abnormal loading, and a second 
factor of safety of between 2 and 3 to iillow for material 
strength; the overall factor of safety will then lie between 
5x2 = 10 and 5x3-- 15. 

The Government at present accept aeroplanes with overall 
factors of siifety not lower than 4, but usually between 5 and 8. 

In considerations of factors of safety the nature of the load¬ 
ing should be taken into account. Thus, if the load is a steady 
or “ dead” load, the factor of safety for the n)aterial may be 
as low as 2. For live loads, which eon)e on frequently and 
vary in value, the factors of safety require to b(‘ much higher— 
say, from 3 to 6—in aeroplane work. As an example from 
engineering practice may be* mentioned the three following 
cases for steel structures: 

[а) Steady load, F.S. - 4. 

(б) Load varying from zero value to a maximum, frequently, 

F.S. = 7. 

(c) Load varying from a negative maximum, through ze;^, 
to a positive maximum, F.S. = 13. 

The question of lightness of construction is always more or 
less bound up with that of the margin of safety, and the modern 
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tendencja is to adopt larger safety factors at the expense of 
the weight-carrying capacity, although the increased general 
efficiency of thru machines favours this procedure. 

The greatest stresse.s in practice are usually associated with 
the wing spars. In all cases the clTects of the aileron f)r warp 
loading, treated as a fro(|uently otaairring load varying from 
zero to a maximum, should be allowed for. 

As an acceptance or check test for contract aeroplanes, it 
is the usual practice of the purchasers to select at random 
one maclpne in every eight or twelve, and to su])port this 
machine up.side down ujion trestles, and to load the lower 
surfaces of tlu' wings with shot or sand in bags until thi'y break 
down. If be the total breaking load u|)on the wings, 
and 2w the weight of the wings, and it W is the total loaded 
weight of the machine in llight, then the overall factor of 
safety is given bv— 

Wi 

Overall F.S. ,,, • 

W - 2w 

In connexion wdth this method of testing the machine to 
destruction it is advisabk^ to introduce, artificially, a loading 
equivalent to the “ drift load ”; and, further, to load the planes 
along the span and along the chord in accordance with the 
accepted lift distribution or pressure distribution curves for 
the w'ing asjicct ratio and section. 

In many cases it is usual to subject tlu' machines to a sand¬ 
bag test, representing an abnormal loading of between four 
and five times the normal, before jjroceeding to fly the machine. 

Impact Tests. 

The ordinary .tensile and bending tests are no true criterion 
of the impact-resisting qualities of a material, and in all 
cUsos in which material is employed for parts subjected to 
sJiock or impact, tests should be made upon samples under 
similar conditions. 

Machines* have now been devised in which suitably shaped 
soeciniens of the material are subjected to either single or to 
repeated blows. In some cases the specimen is given a series 
* Seo p. 218 ct seq. 
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of impacts so that tensile and compressive stre^es are 
alternately received, as in the case of a rod which is repeatedly 
pulled and pushed suddenly. In another case* the specimen 
consists of a circular rod resting upon a pair ot knife-edges, 
as a beam; a weight is dropped upon the centre of the beam 
thus formed, and between each blow the spceiitK'n is rotated 
about its axis through 180°. or half a turn, so that each side 
of the beam is alternatelj' in tension and compression. 

The simplest method of impact testing is that in whidi 
a bar is clam])ed at one end (as a cantilever), and in which the 
free end is given a blow of a Icnown amount. The (m('rgy 
absorbed in bending or fracturing the bar is tak('n as a measure 
of the im))act-resisting qualities of the material. 

I’lie best-known machines of this ty])e arc the Izod f and 
the Cliarpy pendulum one.s. in which a pendulum of known 
weight is allowed to fall from a known heiglit, and hits a 
cantilever type of specimen when at the tow(>st jjart ot its 
path. The energy remaining in the iKmdulum is measurc'd 
by the height of rc'bound of the i)ondulum. The dilference 
betn een the energies before and after the blow gi\a‘s the energy 
absorbed by the specimen. 

The test may consist of fracture by a single blow or by a 
numl)er of blows. 

Simple Beam Impact Tests. —The simplest form of impact 
test is that employed for testing steel rails or cast-iron bars, 
by supporting these as bcamp at their ends and dro])ping a 
weight upon the centres of the beams. The number of 
blows required to jrrodmic a given deformation, or fracture 
is taken as a measure of the imjtiict^qualities ot the materials. 

In such tests the materials are tested under coaditions 
approximating to thf)se of their use. An American standard, 
specifi(!ation for steel axles is as follows: The axle is supported* 
npon an anvil weighing 8 tonsi resting upon springs, and the 
centre of the axh; supports are 3 feet apart. 

The radius of the supports and of the striking face of the 
^-ton hammer is 5 inches. 


* See Figs. 113 and 114. 


f Soo pp. 219 and 220. 
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The axle is rotated through 180° after each blow, and the 
following are the specified maximum deflections for different- 
sized axles: ‘ 

TABLE XXX. 

Americ.\n Standaru Impact Test KOJi. Steel Axles. 


l)iamot(‘r of axlo 
(inchcH) 

l)ro|i in feet ,, 

No. of hlo\j;s .. 

Maximum <l(‘ll<‘cii<m 
in inches 


; 


‘I'l'ii 

1 

1 ■ 

1 

4-1 

1 H 

2-t 

1 2(i 

281 

1 :n 

:u j 

42 

Tj 


5 


I 

T) ; 


! >^1 

8', j 

1 8 

H ' 

7 ! 


4:t 

7 


The fatigue or shoek resisting (fiialities of autoniobiU' and 
aircraft metals may lie tc'sted in the laboratory by means of 
the repeatf'd im])act-testing machiiu's now obtainabU* for 
th it purjiose. 


TABLK XXXI. 

Bending Impact Test Results for Automobile Steels. 


MafertdI. 


Kail Htecl .. 

(a) Nickel Steel (untroabMl) 
Caso,»haT(loninjf imid stci'l 
(untreated) 

[h) Ni(du‘l Htcfd (ufitreatod) 
Casc-hardenm" nic kel stooi 
(untroated)- 

‘(c) Nickel 8te(il (hcat- 
' treated) 


Tcn-^lfr 'fcsl 

A-„. of 

Yield 

Ten-^ile 

Klonqaiion 

Blows to 

P<iiiU. 

V’oii.s' 

hir/ie'!. 

SlrciHifh. 

Inches. 

■per Cevi 
on 

2 Inches. 

Frdchn e. 


t - 

-- - 

1700 

'Ar, 

40-5 

27*5 

2080 

22 

< c 

210 

20-.7 

1427 

21*. 

2r)-o 

254) 

1740 

20 

25-0 

244) 

1440 

50 

(t4-0 

204) 

1000 


The results given in Table XXXf. were obtained with the 
Cambridge bending impact machine described upon p. 222. 
The specimens were circular rods of | inch diameter, and rested 
upon knife-edges placed at 4.1 inches apart; a tup or hammer 
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weighing 4-71 )ioun<].s was caused to drop repeatedly ujxm the 
centre of the s)H'eiinen beam, from a height of l-bO inches in 
most cases. The .specimen was rotated tlirough 1S(P in be¬ 
tween each successive blow, and the blows were continiu'd 
until fracture occurred; the number of blows rt-quired to 
fracture similar specimens is taken as a measure of the relative 
bending impact quality of the materials. The rate of impact¬ 
loading was about 100 per minute. 

Un-notched and Notched Bar ImpaetTests. - Tests upon plain 
un-notched bars generally agree in showing litths difference 
betu(‘en tiu! energies required tt) fracture by impact or by 
slow statical ten.sion; moreover, it has been shown that there 
is little dilTeremte in impact or slow bmsional elongations at 
fracture. 

In order to limit the plane of fracture of a bar for impact 
tests, and also to prevent area contraction (which does not 
occur in repc-ated or impact stress fractures), the specimen is 
now invariably notched. Fig. (iO shows two standard notched 
bar specimens for the cantilever impact test; these bars arc 
of square section, and are intended for use in ])cndulum type 
impact machines. The upper diagram illustrates the Hriti.sh 
standard fonn, whilst the lower one shows the International 
Aircraft Standard shape of test piece. The fracture occurs 
with a single blow, and the residual energy in the pimdulum is 
measured by the height of the swing after fracture. 

Tension impact te.sts with notched specimens are sometimes 
made, but at present there is no rcliabre indication as to 
which is the better method; tly.) binding impact test is usually 
selected, as it offers more convenience in carrying out. The 
residual energy may conveniently be measured by measuring 
rebound heights, the elongation or contractwn of springs^ 
crushing of standard tubes, ajid similar methods. 

The impact test brings out the shock-resisting quality of 
the material, which is not shown by the ordinary static test?, 
and there is often a marked difference between the two kinds 
of tost results; moreover, the type of crystalline fracture 
obtained by the impact test closely resembles that of repeated 
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stress specimens, the cracking occurring across the grains, 
with little or,no elongation. 

The method in question has been commercially employed 
for testing to de.struction, in tension impact, full-sized 100-ton 
railway couplings, chains, and 11-inch diameter screw threads. 


2S/TI- * |«— 




/tn raa/f-oS^") 

Lenyi-h D Ao soit- /~es/~/nff mQc/}/n<z 

Fio. CO.— 8TAKD.OU) Notched Baks roll Impact Test. 

Table XXXIl. |ihow.s the results of the usual Izod impact 
tests for some typical materials. 

Hardnecs of I^etals. 

The Relative Hardness of a metal is determined by its 
'ability to scratch other metals; thus, one metal is harder than 
another when it will scratch thb other. This test is, however, 
pore accurate for brittle than for ductile materials. 

The relative hardness test instituted by Moh consisted in 
selecting ten different minerals and arranging these in their 
relative orders of scratching, the softest substance having 
the lowest number in the scale of hardness. , , 
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TARLB XXXII. 

Izoi) Impact Test Resoet.s.’' 
(Standard 10 itiillimctrp.s sqxiarc test piece.) 


Mafcndl. 

j 

b It t male 
Stress. 
Tons per 
Stpiare 
Inch. 

! Elongation 

' OH 

. 2 Inches 
per Cent. 

Jteduc. 1 --'fT 
. t Izixi 

twn of 

Aica 

per Cent.' ] 

^ Ton mis. 

Bnuht drawn mild 
steel bar (un¬ 
treated) 


37-0 

- 240 

59-2 

12-0 

Niekel-ehrome ali'C'l 
hai t 

44-0 

5!l-3 

2t>-0 

61-I) 

62-1 

Nie kel-ehroiue caso- 
iiardiming ii;('ar 
steelj 


50 

15-0 

50 

45-0 

2s'iekel-ehroiiU‘ ease- 
hardening gear 
s( eel 

65 

85 

10*0 

35 20-0 

Nickel-ehrome oil- 
liar<len(‘d gear 

105 

115 

H-U 

25 (i-(» 

Niekel-eiirome an- 
liaideneil steel 

!)0-d00 

105-115 

15-10 

35 25 

15 10 


lzill> TESIS Ul'ON ()'2 INCH BASES J INCH WillE X INCH 1)EE1‘ 
O-Oa INCH V-N<rrcH 


Stud steel . . 

— 

1 31-0 

30-0 

Steel Iroin foiging 

18-6 •20-5 

1 33-4 3!)-3 

, 33*0-28*0 

Sti'cl horn forging, 

20-5 

1 30-3 j 

28-0 

tnl tmnpcM'ed 




Naval In ass .. ; 

i 

26-3 30-3 : 

lO-O -28-0 


The following 


were the materials and their 2 )o.sitions in the 


hardness scale of Moh: 


TARJJif XXXIIl. 
Moll’s SrALii OF Hardness. 


Matei ial. 

Order of 
Hardness. 

Material^ 

Order oj 
Uurdnes^. 

Tale 


Orthoclase 

6 

Clypsuin .. 

2 * 

Quartz . . 

7 

Calcito 

!! 3 

Topaz 

8 

Fluorspar 

4 

Corundum 

y • 

Apatite 

. . 5 

Diamond 

10 


* other results are given in tlic Tables in Chapter VI. 
t Heated to 800“^ C., quenched in oil and tempered to 635®. 
i Tested on the core. 
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Each of these materials will scratch those of lesser numerical 
value upon the scale, but will not be scratched by them. 

It is a well-known workshop method to test the hardness 
of case-hardened and quenched steels by endeavouring to 
scratch the surface with a file. 

The Absolute Hardness of a material is difficult to define’ 
but the usually accepted meaning of hardness i.s the resistance 
to indentation offered by the material. The indenting body 
must, of course, bo so hard that it will not bo deformed or 
blunted in the process. 

The sTia-pe of the indenting surface adopted by various 
experimenters has taken a variety of forms, including flat 
and eurvixl knife-edges (Unwin* and Middlebergf), conical 
points (Calvert, Johnson, and Wade), cylinders placed across 
the surface’ to bi; tested (l'’oppl[), truncated cones (Shore), 
and s])herical balls (Brinell). 

There are different kinds of hardness with which the en¬ 
gineer is associated in practice, each depending upon the 
special function of the part in question. For example, certain 
tool steels ar(! noted for their melal-eutting hardness ; other 
stools are extremely tough and possess great tensile, shear, and 
compressive strength, and the hardness in this case might 
be termed high-stress hardness. 

Again, certain materials, such as cast iron and (iase-hardened 
alloy steels, possess hardness as a wear-resisting property; 
other instances of different types of hardnesses also occur. 
The hardness of a material depends upon its chemical com¬ 
position, its mechanical and ^physical treatments. Thus, 
steels, aluminium, and copper alloys vary widely in hardness 
according to their chemical composition, indicated in Tables 
^XXIX. and XL.; moreover, the hardness of a material is 
roughly proportional to its ultimate tensile strength, which, 
again depends upon its composition and heat treatment. 

' A material may be hardened by mechanical treatment only; 

* Vide “The Testing of Materials,” p. 49, by C. Unwin. 

t Enejmeering, IHoO, vol. li., p. 481. 

) Ann. Phge. Chem., 63, i., p, 103. 
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thus, the result of subjecting fluid steel to very high pressure, 
or of forging, rolling, stamping, and pressing, is to harden the 
material. 


TABLE XXXIV. 

I.'JFLITBNOE OF C.MIRON CONTENT IN StBF.L UPON HaRDNESS 
(Shore Scale).* 


Percentoye of Carbon. 

Jlardne^t^ 

PdCtnUiye of Carbon. 

IInrdne6S. 

0 .. . 

10 

(►•25 

58 

(►•05 

24 

(►•3(> 

70 

O-IO 

:i5 

0-35 

82 

(►•15 

. ► 43 

0-40 

(►(► 

(►•20 

51 

(►•45 

100 


Note -Kach of tho aliovo stoolH was hcatod to from 1500° to 1000° F. 
and fiuenched before its hardness was measured. 


Perliaiis the greatest influence ujion tlu! hardness of a 
material is that due to heat tre,atment. There are two kinds 
of heat treatment in question—namely, one in which the 
temperature of the metal is changed from atmospheric to the 
melting-point, when tlu' hardness progressively diminishes, and 
the other in which the material is heated and allowed to cool 
slowly or suddenly. 

Thus, when a high carbon steel, as rolhal during manu¬ 
facture, is heated to a bright red heat—-that is, to about 
IKK)’’ C.—and allowed to cool very slowly in ashes or sand, it 
bccoiiK's annealed, and its hardness is less than in the rolled 
state. Again, it it is heated to a brig’it red heat and suddenly 
quenched in oil or water, it becomes glass-hard and brittle; 
if, however, it is slowly heated to, say, 200° C. and quenched 
again,I it will lose part of its lairdness, and will be able to cut 
other annealed metals, but will not be so brittle. Jf it is 
heated to 300° C.— i.e., a blue temper—and quenched, it 
will be still less hard—namely, of about the hardficss of a spring 
or saw blade—but more ductile, and so on, until reheating 
to a tmnperature of about 500° C. and quenching will render 
the material nearly as soft as in the rolled state. 

Many materials, such as hardened cast steel, whilst being 


* See p. 1.53. 


t This process is known ns “ tempering.” 
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extremely hard, arc also brittle, whereas other materials, 
such as oil-hardened and tempered chrome-vanadium steel, 
are not only hard, but tough; each has its own special appli¬ 
cation, however. 

Methods oi Testing Hardness. 

There are three principal methods at present in use for 
testing materials for hardnes.s, which may be enumerated 
as follows—viz.: 

1. The method in which an indenting tool of special shape 
is pressed with a given pressure into the surface to be tested, 
as in the Brinell and Unwin methods. 

The depth of the indentation is taken as a measure of the 
hardness. 

2. The “ relative impre.ssion ” method, which is really a 
modification of (1), in which an indenting tool, usually a steel 
ball, is placed between the surface to be tested and a surface 
of standard hardness. A blow of any suitable intensity is 
given to the standard hardnes.s material holder with a hammer 
or falling weight, or the two surfaces are pressed together 
with any convenient means, as in a vice. The relative inden¬ 
tations of the surfaces indicate their relative hardnesses. This 
is the principle of the Brinell meter* and the Morin apparatus. 

3. I’he rebound method, in which a diamond-tipped hammer 
of known weight is droirpod from a given height on to the 
surface, and the height of the rebound is measured ; this 
height is taken as a measure of the hardness, as in the Shore 
schleroscope. 

Unwin’s Method, f * 

In this method a straight square-sectioned bar is used for 
the indenting tool, placed diagonally to the surface, as shown 
in Fig. 61. The indentation deiiths for different pressures 
can be read off upon a vernief scale provided. The apparatus 
f is designed to bo placed between the compression plates of 
a testing machine. 

• Duo to F. H. SchoonfusB. 

t Vide “ Testing of Materials of Construetion,” p. 49. Unwin. 
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It has been found that there is a definite relation between 
the load and the depth of indentation, which may be expressed 
in the following manner—viz.; 

p" = c • i, 

where p is the pressure per inch width of the knife-edge 
(in tons), i the depth of indentation in inches, and c and n are 
constants for the material. The relative values of c are taken 
as the relative hardnesses. 



Fic. (il. 

It will be seen from the following values that the value of n 
i.s very nearly constant, and may lx- taken as Ix'ing e(pnd to 
l-2(), so that the hardness relation bocome.s 



TABLE XXXV. 


VaLUE-S of HaHDNES.S CONSTANT.S (IInWIn’.S .METItOll). 


MateruU. 

■ 

Value of 11 . 

Jlanhicii'i VuLui: o. 

Cast stool hardened ni oil .. 


_ • 

.S0()*0 

Cast stool, aimoalcd (mean) 


— 

o'lWO 

Cast stool, normal .. 


1-17 

5.I4-II 

Mild stool, hardened* 




Mild Btool, annealed 

.. 

— 

> Idl-!) 

Mild stool, normal .. 


1-20 

l4:ho 

Jira8s(moan) 


Mr>(r.) 

2:i:h5 

Copper, imannoalod 


1-20 ’ 

ior >-2 

Copper, annealed .. 


Ms 

()2 d 

Aluminium alloy .. 

f. 

i-2;{ 

WiJ-r. 

Aluminium, pure (squirted) 


i-19 

41-8 

Zinc, cast .. 


114 

40-8 ^ 

I»ad, cast .. 


1-23 

4-2 


For calculating the values of c, a was taken as 1'2 m tlio atovo table. 
* Hardened by quenching in water. 








148 AIRCRAFT AND AUTOMOBILE MATERIALS 


The loqds per inch width of knife-edge in Unwin’s test 
varied from about 18 tons down to a fraction of a ton in the 
case of lead. It, will be .seen that the above .scale of hardness 
is a very wide one, so that small hardness difference.s are 
detectable. 

The Brinell Hardness Method. 

It has been found that the knife-edge form of indenting 
tool loses its shar 2 )ne.ss after a time, so that inconsistent 
results varying up to 6 or 8 jier cent, are possible. For this 
reason Brinell* emj)loyed a very hard spherical ball, W'hich 
was forced into the surface of the material to be tested, with 
a known lu'essure. The area of the surface of the imjjression, 
which is projjortional to the de])th of the im]iression for a given 
size of ball, is taken as the hardness measuref (see Fig. (il). 

The Brinell method is widely emjdoyed in aircraft and 
automobile (“iigineering works, and the hardnesses of most 
English metals arc exjiresscd in this system. 

The standard Brinell ball measures 10 millimetres (0-3037 
inch) diameter, and when used upon iron and steel the im¬ 
pressing force is 3000 kilogrammes (0014 isounds), whilst 
for the non-ferrous or softer metals the force is 500 kilogrammes 
(1102 jmunds). The diameter I) of the im])ression formed 
is measured with a microscojie to wdthin 0-05 millimetre, 
and the area of the s])herical concavity is calciulated from the 
diameter D as follows: * 

Area of curved surface of imjjression2jr • r • h. 
where />-^deiJth of impro.ssion, r=> radius of ball. 

A == 2irr - \/ 

* 

If D and r are in millimetres, then ih^Brinell Hardness Number 
is expressed in the following manner : 

♦'‘Invented by J. A. Brinell (in lObO), engineer of the Swedish Fagersta 
ron and Steel Works. 

f A description of a modern Brinell testing machine will be found upon 
p 235 



PROPERTIES OP MATERIALS UNDER TEST 149 


Brinell number - 
P 

/ / 

2^r [r- 


Pressure in kilogrammes (P^ P 
Area of imj)re.ssiou A 

kilogrammes per square millimetre. 


Tables arc given, similar to Table XXXVT., with Brinell 
in.struments, in wbieh the Brinell number is given for th(^ 
various value.s of 1), the diameter of the im])ression, for 
the standard diameter and ])re.ssures of 10 millimetre.s, 3000 
and 500 kilogrammes respeetivedy. 

It ba.s been found* that with higher pressures or smaller, 
balls than the respective standards, the hardness numbers 
obtained by the given method are higher, the hardne.ss obtained 
being directly proportional to the pre.ssuro and to the fifth 
root of the ball diameter; thus: 


Hardness 



I). 


Thus, if a ball of one half of the diameter (1 the standard 
10 millimetre .size be employed, the equivalent Brinell hardness 
number can be found by divhling the hardne.ss found by 
V-'o. 1-.38. 

Tables XXXVIl. and XXXVHIf. show the Brinell bard- 
nes.ses of different metals. 


Relation between Brinell Numeral and Tensile Strength. 

It has been found that there, is a definite relation between 
the Brinell hardne.ss number and the elastic limit or ultimate 
tensile strength of a material; the latter value may be 
obtained from the former *by multi|)lying ,by a coefficient. 
For hardness numbers above 175 the following are the 
relations; ^ 

Tensile strength in kilogrammes per square millimetre = 
Brinell No. X c, 

where c = 0-324 for impressions made in the direction of rollifig. 
and c — 0-344 for impressions made transversely to the direc¬ 
tion of rolling. 


From tests made by Brinell and Benedick. 
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TABLE XXXVI. —Beinell’s Hardness Numbers. 


(Diameter of Steel Ball =10 millimetres.) 


Diameter 

<.. 

IlnrdneM Number 

Diameter \ 

Hardness 

Number 

oj Bid/ 

for a Load of — 

of Ball 1 

for a Load of — 

} mpression 



Impiession j 


— 

Millimthes. 

.500 hjs. 

3000 /-r/.v. 

Millimetre's. 

500 hj-s. 

3000 bja. 

2-00 

158 0 

940 

4-50 

20-7 

17!)-0 

2-05 

l.'O'O 

898 

4*.55 

29-1 

1740 

2-10 

1430 

857 

4*00 

28*4 

170*0 

2-15 

i3<;o 

817 

4(}5 1 

27-8 

1<)0-0 

2-2(1 

J30-0 

782 

4-70 

27-2 

l(i3-0 

2 2a 

f 124*0 

744 

4-75 ! 

2 (i-a 

1.59*0 

'I'M) 

1J9-0 

713 

4-<S0 1 

25-9 

J 50-0 

2 35 

J 14-0 

083 

4-85 j 

2.5-4 

la3B 

2 ‘ill 

109-0 

(►.52 

4-ilO 

24-0 

J49-0 

2-45 

JOo-O 

027 

4-95 1 

24-4 

140-0 

2M) 

!00-0 

000 

5-00 

23-8 

143-0 

2-.If) 

9(i-0 

578 

5-05 

23-3 

140-0 

2li(J 

93-0 

555 

5-10 

22-8 

137-0 

2-()5 

89 0 

532 

.5-15 

22-3 

134-0 

2-70 

8(;-0 

512 

5-20 

21-S 

131-0 

2*75 

83-0 

495 

5-25 

21-5 

128-0 

2’SO 

80-0 

477 

5-30 1 

21-0 

12()*0 

2*85 

77-0 

400 

.5-35 I 

20-0 

124-0 

2*00 

1 74-0 

444 

5-40 

20*1 

121*0 

2 !ir> 

73-0 

430 

5*45 

IU-7 

118*0 

.3-00 

' 70-0 

418 

5*50 

19*3 

11 (vO 

3*0.5 

(;7*o 

402 

5-55 ' 

J9-0 

114*0 

3-10 

()5-0 

387 

a 00 ! 

18*0 

112'0 

3*15 

()3*0 

375 

5-()5 

18-2 

109*0 

3-20 

(il-O 

301 

a-70 

17-8 

i 107-0 

3-25 

59-0 

351 

5*75 

17*5 

10.5-0 

3*30 

57*0 

340 

5-80 

17-2 

103-0 

3-35 

55-0 

332 

5*85 

10-9 

lol-o 

3.40 1 

54-0 1 

321 

5-90 1 

10-0 

09-0 

3-45 

52-0 1 

311 

5-95 

1li-2 

97*0 

3*50 i 

50-0 

302 

(>-00 ; 

15-9 1 

95*0 

3-.'>5 1 

49-0 

293 

O-l'f) 

i.a-o 

94-0 

3-()0 

48-0 

280 

0-10 

15*3 

92-0 

3 -(Jr) ! 

4()-0 

• 297 

0-15 

. 15-1 

90-0 

3*70 

45-0 

2(;9 

(i-20 

i 14-8 

89-0 

3-75 

440 

202 

r>-25 

1 14-5 

87*0 

3 80 

43*0 1 

255 

«-,30 

14-3 

80-0 

3-8a 

\ 41 0 

248 

(i-35 

14-0 

84-0 

3*90 

40 0 

241 

(>•40 

13-8 

82-0 

3-95 

39*0 

235 

0-45 

13-5 

81-0 

tdOO 

38-0* 

228 

6-50 

13-3 

80-0 

4-(.‘r> 

37-0 

223 

0-55 

131 

79-0 

410 

30-0 

217 

C-00 

12-8 

77-0 

415 

35-0 

212 

6-05 

120 

760 

^•20 

34*5 

207 

0 70 

12-4 

74-0 

^25 

33-t) 

202 

0-75 

1 12-2 

73*0 

4-3« 

32-6 

196 

0-80 

n-9 

71-5 

4*35 

32*0 

192 

o-sa 

11-7 

70 0 

4-40 

31-2 

187 

C-SK) 

11-e 

69-0 

4 45 

30*4 

183 

6-95 

11-3 

68-0 


I’or other teat loads the hardness numbers are proportional to those in 
the tabic. 
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TABLE XXXVII. 

HARDNESSEfS OF E.S.C. AUTOMOBILE StEBLS.* 


A’.tS'.O. 

No. 

C/as’,^ of Htecl. 

Ytdd 

liatio. 

Ten-ffle 

Slren<jth. 

Tohh 

iS^iuare 

Inch. 

Elontjii’ 

fion 

per 

Cent. 

Reduc¬ 
tion of 
.Itcd pet 
Cent. 

III 1 

9 -2? 1 



Miiii- 

inum. 





•• to” 

Carlum easo-liarclen- 

.50 

23 28 

30 

50 

1)2-112 








1.-)” 

Oiirbon caso-hardoii- 

.50 

25 -33 

28 

50 

103 143 


inu 






2 p(‘r 

2 ])or cimt. nickel 

5.5 

25 -35 

30 

5.5 

103-153 

cent. Ni 

casc-hardemn" 






5 per 

5 per cent, nickel 

(10 

25 -40 

30 

55 

103-170 

cunt. Ni. 

c{isc-hartlonini4 






“20” 

0*l.')-0’25carlion .. 

.50 

20 34 

28 

.50 

10.5-140 


0*30 -0*40 carbon . . 

.50 

30 40 

2.5 

45 

121-179 

it jBir 
Cf'nt. Ni. 

3 |)ei‘coiit. nickel .. 

.55 

35 -45 

24 

45 

140-202 

U per 

H per cent, nickel 

70 

45 (min 

15 

50 

179 

COtlt. 

Ni. (Jr. 

chrome 






3 |K‘t 

3 per cent, nu ke 

75 

45 (min. 

15 

5(t 

170 

(‘out-. 

cluorni! 






\i (Jr. 
A H. 

Air-hardeiungnic ke 

75 

100 


13 

418 

Ni Vv. 

fhrome in air- 
iiardoned state 


(min ) 





For iviiiterials having a hardness uninber b<dow 175— 
c ^ ()-354 for the direction of rolling, 
and 0 -^0-304 for the di-ection transverse to that of rolling. 
The values of the four constants in tjie above relation are 
given below for tensile str('ngths when expressed in pounds 
per s(juare inch. 

For hardness numbers above 175— 

cl = 460-82 in the rolling directi<*n. 
ci -^480-27 across the rolling direction. 

♦ Most, of the steels referred to are in the normalizcif condition. For full 
particulars of their chemical comjiositions and treatment, see Chapter VI. 

t The Brinell hardness number should correspond to a ShOO-kilojirammo 
pressure maintained upon a clean surface with a 10-milliinotrc hall for not 
loss than 16 seconds. 
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' TABLE XXXVIII. 

Brinell Hartjnesses of Different Metals and Alloys. 

Maierml. '■ linncll Nu7nl>er. 


lAiad, cast 
Babbitt motal 

Till. 

Zinc, sheet 
Copper, sheet .. 

JSilv(»r .. 

Cold, 14-24 ^arat .. 
‘Wrou^fht iron 
Bronzo, phosphor, sand-cast 
Mild steel 

Duralumin plate, medium .. 
Brass, medium-drawn 
Bronzo. phosphor, ehilled . 
Cast iron, jiroy, sand-cast . . 
Brass, liard-drawn .. 

Bronze, manganese, drawn .. 
Nickel steel .. 

Duralumin ])lato, hard 
High-speed steid 
Vanadium steel 
NickcI-chromc steel .. 

Tool stool, annealed .. 

Cast iron, grey, chilled 
Nickel steel, hardened 
High-speed stool, hardened .. 
Tool 8to(0, tempered at 600° I’. 
Nickel-chrome, air-hardoncd 


4-8 

. , 10 25 (east) 

. ■ 15-25 (annealed or cast) 

. ^ 25-40 

. ! :io-()0 

. ! 40-70 

50-l4(i (annealed) 

70-85 

80-05 

80-105 (as drawn or j(»iled) 
00-120 
100-150 
10(i-180 
115-200 
120-170 
120-220 

1;30-160 (annealed) 

140-160 

150-260 

150-:HI0 (annealed) 

175-30(i 

j 

. I 200-275 
.. : 2:h‘-400 

.. ! :mk) 600 

. . ! 450 ■70() 

. . I 550-700 (glass liard at (>25) 
.. ' 600-700 


For hardness numbers below 175— 

= 503*40 in the rolling direction, 
cl -r)14-8t across the rolling din'ction. 

The relation between the l arcltiess numeral and the tensile 

I 

strength is given in Table XL, 


The Relative Impression Method.,. 

This method is a convenient modification of the Brinell one, 
in which no special apparatus is required, and which can he 
applied to almost any object in situ. Fig. 62 illustrates a 
typical application of the principle in the case of the Brinell 
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meter.* In the diagram X denote.s the surface to 15o tested 
B the .standard 10 millimetre Rrinell hall, and S a standard 
har of jjredetermined or known hardne.s.s. 'Inc holder II is 
giv<'n a blow with a hammer, or is jin'.s.sed on to the surface 



iS', and the relative diameters of the impre.ssions made in the 
surfaces Nand X are proportional to tluar respective hardnesses. 

Standard bars of .square section 6 ineh<>s long are .sup[)licd, 
and s])are bars an' ea.sily 2 ,roeurable with this drwicc. 

A number of different tests can be made u|)on each bar. 

The Shore Schleroscope Method. 

'I'he hardness is determined in this method by the height 
of rebound of a diamond jiointcd hammer dnrpiW'd from a 
given height. 'The hardness number is proportional to the 
height of rebound of the hammer, and the scale of hardnessf 
is so chosen that the average hardness of martensitic high 
carbon .steel (quenched) is rejme.sentcd by 100; the instrument 
is, however, graduated to 140 from zero. The small cylin¬ 
drical hammer (measuring ] inch diameter by j inch long, and 
weighing oz.) falls in a cylindrical graduated glass tube, the 
height of fall being 10 inches. 'The shajie of the diamom' 
“point” is slightly .spherical^and blunt, and is about 0-020 
inch in diameter. The intensity of the force produced by the 
Weight and height of fall of this hammer is equivalent tf) 
about 500,000 2 )ounds per square inch, and since the energy 

* F. H. Schoonfiiss, Standard Holier Bearing Company, U.S.A. 
t See Table XXXIX. 
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of fall is always the same, the hardnesses are simply propor¬ 
tional to the rebounds for different materials. Thus, for a 
material, such a.s steel, of 80 per cent, hardness 20 per cent. 



of the hammer-fall energy is used up in penetrating the 
material, whereas in the case of lead, of hardness 6, 95 per 
cent, of the energy is used up in penetrating the material. 
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Fig. 63 illustrates the Shore schler. scope in sidh view, 
showing the automatic pneumatic release A, worked by the 
bulb A. The hammer is drawn or sucked up the glass tube 
by squeezing and then releasing the bulb A. To release the 
hammer for a test, the bulb is now again squeezed. 

In using this apparatus great (^arc should be taken in cor¬ 
rectly levelling the vertical glass tube, otberwise incorrect 
results will be obtained. It is also important to provide 
rigid su|)p()rts for the test surfac(\ or to mount this solid 
with the ap 2 )aratus. 

In the sehleroscoj)e method it has been found that tiu' shapi; 
and ma.ss of the s])eeimen influene(! the ri-sults. Thus a thin 
flat j)late will bo ai)t to deflect and to vibrate unless it is 
rigidly fixed to a slab underneath. In all eases the objects 
to be tested must be rigidly attached to a bed or base plate. 

The following table gives the Shore .scale values of difl'ereut 
materials: 


TABLE XXXIX. 

Hakdnjsss Vah'ks or’ Metals on S)iouk Scai.k. 


Namt of Metal. 

Oi (hist 

Wwl.rll. 

L'lidled. 

Uwl . 

2 4 

:t 7 


(Joltl, 24 -14 curat 

5 2o 

24 70 

-- 

i^ilvcr 


20 37 

— 

('o|>pcr .. 

t) -8 

14 40 


^Jiic 

8-10 

J8--20 


Uabljitt metal . . 

4--0 

— 

- 

Tin . 

8 0 

12 14 

— 

Biinniith .. 

8-0 

— 

- - 

liriiSH 

. 7 3.7 

20 45 

— 

Platinum 

lO-l.'i 

17-3(1 

— 

Bronze, phosplior 

12-21 

25-40 

• — 

Bronzo, mariKaneso 

1(1-21 

25 40 

— 

Iron, wrouglit, pure 

I(i-I8 

25-30 

— 

Nickel, WTou^rht 

17-l'J 

35-40* 

— 

Mild steel, carbon .. 

18-25 

30-40 


Iron, grey, sand-cast . . 

•25-45 

— 

— 

Iron, groy, chilled 

— 

— 

50-90 

Stocl, tool, 1 por cent, carbon .. 

30-35 

40-50 

90-110 

Steel, tool, l'()5 per cent, carbon 

38-45 

— 

00-110 

Steel, vanadium 

30-50 

40-60 

50-110 

Steel, chrome-nickel 

35-50 

40-60 

00-105 

Steel, nickel 

25-30 

36 45 

.50-90 

Steel, high-speed 

-r- --- 

30-45 

40-()0 

70-105 
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I « I o 
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550 113 178 111) 183 ! 94 14S ' 0-21 

575 — — 122 190 101 159 0-20 

600 _ I ; 126 198 ^ 108 170 0-18 
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Shore Hardnesses of Automobile Materials and Parts. 

As the result of numerous experiments to partial and com¬ 
plete destruction upon actual automobile parts, the following 
hardness standards are recommended:* 

TABLE XLI. 


Part of Automobile. 

Schleroscope Hardness Standard. 

Chansis frf\nies .. 

f(«) Plain carbon stool, 35-40 

\^{h) Nickel-chromo steel, 40-45 

Axles 

Nicl«‘l-chronie (0*35 per cent, carbon), 
40-45 

Springs .. 

({a) Vanadium stool, (35-SO 

\ {h) Plain carbon steel, (50-75 

Crank-shafts .. 

Nickel-cliromo steel (0*35 jier cent, car¬ 
bon), heat-treated, 45-55 

TransmisHion shaft .. 

Niokol-chronie or vanadium steel, 50- 55 

Transmission gears 

Nickel-chrome '31 percent, nickel), case- 
hardened, 80-85 

[The hardness varies from (50-00, depend¬ 
ing upon the grade of steel, and is 
governed by its resistance not only to 
shocic and htittleiicss, but by its wear¬ 
ing quality.] 

Pump shaft 

78-80 

Gudgeon ]>in8 .. 

Case-hardened cold-drawn .steel tubing, 
05-100 

Valve cams 

85 

Cam shafts 

80-00 

Valves .. 

50-00 

Clutcdi shaft gear 

70-80 

Valve tappets .. 

00-100 

Ball-bearing and thrust rings 

85-00 

Ball cones 

70-80 

Keys (hardened) 

75-80 

Screws and bolts 

40-5b 

Steering arms .. 

90 

Steering worms 

70-80 


Relation between Shore and Brinell Scales. 

There is no direct relation between the hardness numbers 
' upon the two scales, since the principles involved are different, 
but the hardness upon the Brinell scale can be found from the 
Shore hardness value by multiplying by a coefficient depend¬ 
ing upon the actual hardness of the material; thus, for the 
hardest steel this coefficient is about 6-J, and progressively 
falls in value down to 2-0 for soft metals like lead. 


The Shore Instrument Company. 
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TABLE XLII. 

Coefficients for Multiplying Shore Values to obtain 
Brinell Numbers. 


Material. 

Coefficient. 

Tool steel hartlciiod and tomporod at 000® I'\ 

<>•« 

Drill rod, untreated 


Brans, modhini hard, drawn 

5-() 

Tool stool, carbon, annealed 

5-5 

Mild Steel, hot rolled 

I rr2r> 

Brass, drawn, annealed 

5-0 

Cast iron 

4-0 

Mild steel, cold rolled 

44; 

Tin-lead alloy 

2-0 














CHAPTER III 

TESTING MACHINES AND METHODS 
Testing Machines. 

Eo : testing given specimens in one particular manner of 
loading, it is usually a fairly simiik; matter to design a machine 
for the purpose,* but when it is required to test various shapes 
and sizes of specimen under different types of loading, the 
testing machine becomes more coTnplex in construction. It 
is now usual to employ testing machines which are equally 
adaptable for tests in tension, compression, shear, and bending : 
in some cases the machines are provided with the means for 
making torsion tests. The usual sizes of such testing machines 
are the 5, 10, 15, 30, 50, 100, 200, and 250 ton tjqjes, although 
other sizes are occasionally made; the Emer>' machine used 
at the Watertown Arsenal had a 450-ton load ca])acity, whilst 
the Olsen compression and column testing machine, which is 
probably the largest in the world, is of about 4500 tons 
capacity. 

In most modern testing machines the principle is adopted 
of applying the load,to the specimen by means of hydraulic 
pressure acting upon a ram coupled, through suitable means, 
to one end of the specimen, and to measure the applied load 
at the otlffer end of the specimen by means of a sliding weight 
acting through a series of inultiplying levers. The hydraulic 
rain not only applies the load, but it also takes up the stretch 
of the specimen, independently ofHhe type of stress produced, 
an^l the lever system is simply kept floating as the load is 
applied by means of the sliding weight; the lever system may 
be conveniently regarded as a weighing machine. 


♦ The machine shown in Fig. 102, p. 200, is an cxr.miilo. 
160 
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In earlier typos of machine one end of the specimen was 
fixed to a rigid support through suitable she deles, whilst the 
load was applied by an hydraulic ram, and the total load was 
calculated from the ram area and hydraulic pressure, making 
an allowance for the cup-leather friction.* This method 
possessed an advantage in the absence of knife-edges and 
leve'r.s, but .some doubt always existed in the matter of the 
total load calculation. 

In smaller .sizes of testing machines the load is afiplied by 
means of a screwf and hand wheel; in other small machines, 
such as those employed for wirietesting, springs are used for 
appUnng the load, whilst in testing machijics for yarns, 
belting, fabric, cement, and .similar pur[)i),ses, dead weight 
is ap])lied through a lover .system. In the lattcir easej the 
load is generally applied at a stipulated rate, and a hopper 
containing sand or lead shot is employed to lam its contents 
at the given rate into the weight pan of the testing machine; 
automatic means are sometimes .'provided for stopping the 
loading immediately breakage occurs. 

Another type of machine, known as the maiiometric type, 
arrange.-' for one end of tin? speoimen to act U]>on the dia])hragm 
of an h^alranlic pressure gauge, and the load is applied by moans 
of a .?|)ring or screw gearing; in this method tlie loads can bo 
vt.'ry conveniently redd off the pressure gauge, suitabl \ engraved. 

Te.sting machines may bo divided into two types known as 
the vertical and horizontal types respectively, according to 
whether the speoimen is vertical or horizojital. 

The vertical machine is the one usually preferred, as the 
weight of the shackle can bo balanced, whereiis in horizontal 
machines (which are chiefly used for long spccinmns) the 
weight of the shackles and other members c(jnnected to the 
specimen acts at right angles to the load, and it is not an 
easy or certain matter to couliterbalance same. 

* Tlio friction F = /l--D- p, whore I)-=ram diameter in inches, p--pressiAe 
in pounds per square inch, and t:-=a constant varying from 0*03 to 0*05. 

t The same method has also been adopted in the case of one or two very 
largo machines, such as the Buckton and Riehlo machines. 

X A fabric-testing machine is shown in Fig. 119. 


11 
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Requirements of Testing Machines. 

These may he very briefly enumerated, as follows—namely: 

1. The machine should be easily adaptable for different 
modes of stressing and for varying sizes of specimens, within 
limits. 

2. It should be sensitive—that is to say, it should be; capable 
of indicating small stress dift'erences. The sensitiveness 
dej)ends upon the lever magnification, and upon the hard¬ 
ness and_shape of the knife-edges; the radius of the knife- 
edge should be small and straight, and the load ]ier lineal 
inch should not exceed 5 tons, 

3. It should be accurate in recording loads or stresses, and 
its accuracy should be caj^able of being readily and easily 
cheeked by a simple means of calibration. 

4. It must bi^ capable <jf being easily manipulated by the 
person making the test, and should bo free from vibration or 
jerks. 

5. Convenient gri])s must bo provided for the different 
sjioeimcns. 

0. Autographic stress-strain recording apparatus of a 
reliable kind should be provided. 

The Single-Lever Vertical Testing Machine. 

Fig. 64 shows a j)hotographic illustration of a ;i0-ton 
vertical ty 2 )e testing machine desij^ed by Mr. W. H. Wickstcc'd 
and made by Messrs. Buckton of Leeds. In this machine the 
load is a])i)lied by means of a square-threaded screw, seen near 
the base of tho machine, and the screw is 02 )orated by means 
of the belt-driven i)ulley acting through suitable gearing, 
jrho stops for liio beam. A, are shown at *S>S', near tho travelling 
jockey weight w. 

The W'eight w is moved along the beam A by means of 
fi. square-threaded screw (not shown in p)hotograph) and nut, 
operated by the handle in the centre, the shaft T, and a pair 
of chain wheels shown at the extreme left of the illustration. 
In this machine the specimen E is attached at its upper end 
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to tho cross-head </, connected to the beam, and at its lower 
end to tho cross-head L, which is rigidly attached to the 
actuating screw near tho base. 



Tho 100-ton type of machine shown in Fig. 65 is the same 
in principle as tho one described in tho preceding paragraph, 
but the load is applied hydraulically by means of a valve 
actuated by the handle shown upon the top of the small 
column in tho centre of the photograph, The jockey weight 
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is moved along the single beam by means of the horizontal 
handle shown, as before, and the indicator le^'er near the 
horizontal wheel, just under the beam, to the right of the 
vortical column, shows the operator when the load upon the 
specimen, applied by the ram, is balanced by the weighing 
beam. The beam itself is provided with an adjustable scale 
graduated in tons and fractions of a ton, and the 150-ewt. jockey 
weight has a vernier scale attached (shown in the illustration) 
for reading the loads off dinait to one-hundredth of a ton 
{i.e.., 22-4 jiound.s). 

This machine is capable of taking tension and compression 
test pieces ui> to 20 inches in length and bi-ams of 72 inches 
span for transverse bending tests; it can also be employed for 
making single .shear te.sts upon specimens vith areas up to 
4 .s(piare inches, and torsion tests with moments Tip to 
100.000 pounds-inehes. 

The beam stops arc provided with spring bulTers to reduce 
the shock upon same at the breaking-point of specimens, 
ft is usual to su))ply a weighted lever, pivoted at its eimtre, 
to force the ram up after a test, as the cup-leather and gland 
friction oppose this movemimt. 

Both of the two machines previously described are provided 
with a single pivoted beam or lever, and ]w>ssess only two 
knife-edge systems, so that friction is redueed to a minimum. 
Eig. ()() .shows diagrammatically the principle of this typo 
of testing machine. 

The beam knife-edge and the shackle knif-e-cdgo arc shown at 
B and C respectively, V being the massive east-iron vertical 
column supporting the weight of the boauii The jockey 
weight w is movable along the scale Q, and the beam A is always 
kept as nearly balanced as possible betwccvi the stops N 
(which are usually provided with spring buffers) by moving 
the weight w along the beam towards the stops 8 as the load 
is applied. The manner in which the specimen B is grippe>* 
for a tension,test is clearly shown; it will be observed that the 
hydraulic ram F acts vertically downward.s, and thereby 
applies a load in the same direction, through the rods O and 
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cross-head L, to the lower end of the specimen. Trunnions 
or pivots are provided at each end of the speoimon grips. 

The force F upon the speoitnen, as shown in Fig. 66, is 
given by the relation* 

F = "''^, 

X ’ 

where je=weight of jockey, x is the distance .shown in Fig. 66, 
and ij th(! distance of the weight w frtnn B. 

The inset diagram in Fig. (>6 illustrates the iirinciple of the 
method of making compression tests in this type of machine. 



/ /y////////'/'/ 7 

Kia. CO. 


Fig. 67 illustrates the method (^f making transverse bending 
tests; ipstead *of knife-edges for supports, scmi-eylindrical 
rollers are often provided to take up the same; direction of 
slope as the b8am at its ends. Deflections can be measured 
by the same means as in the (^asc of wooden beams.f 

It is assumed that tlio krufe-edge friction is nrgiigible; otiirrwiso the 
relation becomes F— ^ + k * w, whore is a constant, and Vr • w represents 

^ d. 

tho frictional moment about B. 

I See Vol. II. of this work, Chapter VI.j “ The TiMting of Timtx;r.” 
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Calibration of Vertical Testing Machines. 

The two quantities which it is necessary ti' check in this 
type of machine arc— (a) The distance between tlio knife- 
edges, and (/j) the value of the joclcoy weight. 

If (6) is determined first, then (a) can bo easily checked. 
The weight of th<^ joeleoy may be found by first balancing the 
beam, with no s])ccimcn in the beam shackles, and then by 
hanging a known weight upon the beam shackle; i lu^ jockey 
weight has then to be moved along through a distance, d 
to again balance the beam. rf, 2 y = the jockey weight and x 
the knife-edge distance, 

m, ■ X 


A better method, which is independent of the knife-edge 
distance, is to first balance the bfaim, then hang a known 
weight IT at a distance D from the beam fulcrum li (Kig. 66). 
'rhe jockey weight must then bo moved along through a 
distance d to balance again. 


Then 


W- 1) 


7V~ 


(l 


Having found w, the distiince x between the knife-edges may 
be found by the jirevious method, or by restoring balance; by 
adding a known weight IT to the beam at a distance D from 
the knife-edge B (Fig. 66). 


Then 


X — 


W • 1) 

m 


The second method is indei)endent of the •value of the jockey 
weight. 

® • 


Horizontal Testing Machines. 

This type of machine enables tests to be* more readily 
observed, longer specimens to^be employed, and in many cases 
is more convenient for the larger sizes of testing machine. 

The Werder type of testing machine, which is showh 
diagrammatically in Eig. 68, is widely used on the Continent.'' 

* This typo of luachino was employed by Bauschingor in his claa.sic.al 
researches. 
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It consists of a raBi connected to the fulcrum of a bell- 
crank lever in such a manner that the ram and lever move 
out at the same rate as the specimen stretches during a test. 
The lever is provided with a travelling jockey weight, and 
at its longer end is limited in movement by means of stops. 



§Fio. 67. —Testing Machine Transverse Bendfno Auuangeaient. 


One end of the specimen is attached to a shackh^ fi.xed to 
the frame of the machine, whilst the other end is couj)lcd, 
through a similar shackle, to the smaller arm of the bell- 
crank lever. In this manner it is an ea.sy and at the same time 
an economical matter to provide for very long specimens 



Pto. 68 .—Illu.str.atino the Principle of the Werder Testing Machinf.. 


by moving the simple “ fixed-end ” supports along guides. 
Ilf the lOO-ton type Werder machine specimens up to 30 feet 
in length can be tested in tension or compression. 

In the actual machino, instead of the bearings shown in the 
diagrammatic illustration, knife-edges are provided for the 
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bell-crank lever. A high ratio of leverage (500 : enables 
small weights to bo employed upon the balance arm. 

Torsion and transverse tests can also bo made upon this 
type of machine. 

Compound Lever Machines—Greenwood and Batley Hori¬ 
zontal Type. 

This machine is shown diagrammatically in Fig. (iO, whilst 
Fig. 70 is a photographic reproduction of aoO-ton type working 
on the same principle. 

Referring to h’ig. (i'J, it will be seen that one end of the speci¬ 
men is attached, tlirough suitable shackles, to the hydraidic 
ram C, whilst the other end is connected to the smaller arm F 



\V 

Kin. ()!K 


of a bell-crank lever D, at the knife-edge /«', A being the fixed 
knife-edge or fulcrum. The longer arm of the lever J) Is in 
contact with the knife-edge C of a beajii or weighing levcw .4, 
pivoted at B. 

In this way the force, suitplied by nu'an.s of the ram upon 
the specimen, is reduced by tlu' ksver .system (D and A) to a 
small value on the weighing arm, and is there readily balanced 
by means of travelling jocke\' ■weight IF, actuated by means 
of a long screw, as in other ty]ies. • 

The leverage reduction at IF is usually 1 to 100. 

In the 50-ton type of machine shown illustsated in Fig. 70, 
specimens may be tested in tension, compression, bending, and 
shear by suitable adaptors; tension specimens up to 6 feet in 
length may be employed. A cross-head is provided at the ram 
end, through which four horizontal screws pass which are geared 
together at their outer ends by means of spur wheels; these 
screws work in nuts provided in the movable cross-head. In 
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this manner the movable cross-head can be brought'into any 
position along the bed to suit the length of specimen. The 
leverage of the weighing system is 112 to 1 in this case; the 
travelling weight is of the pendant type, and the weight can bo 
varied in steps up to 1000 potinds. 

Other tv])es of testing machine are made by the same firm, 
in which the w('ighing arm is arranged over the ram and 
s])e('imen, thus making a more compact arrangement, as 
shown in Eig. 73. In ]nost types of horizontal machine the 
cross-head is arranged to move upon rollers or runners, in 
order to reduce friction u])on the ram glands, and to take the • 
weight from olf the specimen. 

The Riehle Testing Machine. 

This machine,* which is illustrated in Fig 71, is of the 
compound lever type, the load being a])i)lied to the spocimesn 
by means of two large vertical screws N. The cross-head O 
is arranged to work downwards, sib that tension tests can be 
made in the space between C and D, and ooin])ro.ssion tests 
in the space between C and T. fn each case the load upon 
t he specimen is measured by the force upon the table /, which 
rests upon a jiair of horizontal knife-edges seen below it in 
the illustration. The load is equally distributed in regard 
to the knife-edges of the niain weighing levers, the ends of 
whi(‘h arc shown at e and /, the latt(w knife-edge being fixed 
in the second sj'mmetricfi'i lever. In this manner the load 
on the si)ceimen is reduced to about one-fiixtccnth of its value 
at /; this force is further reduced through the horizontal 
lever II, which is connected at its smaller ond h, through a 
rod r, to the weigh beam L. The movement of the travelling 
weight W balances the load. The ratio of tlto lever magnifi¬ 
cation system, when the weight is at the extreme end of the 
beam, is about 4.500 to 1. The vertical load scrcw,s S are 
operated through the gearing shown beneath the horizontol 
levers, and by means of sliding dogs different speeds or rates 

• Manufactured by the Riehib Bros. Testing Machine Company, Phila¬ 
delphia, U.vS.A. 
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of loading can bo obtained with the different geaj-wheel 
combinations; usually an electric motor driving through a 
belt to one of the pvdleys P is employed. In the particular 
machine shown a rev(“rse gear is i)rovided. 

The Richie machines are made in a number of dilTerent 
sizes, adaptable for all kinds of tests, ranging from the 
1,000,(100-pound size (used for crushing tests of concrete, etc.) 
down to the 20,000-pound type; the machine shown in Fig. 71 
is the 200,000-pound (ypc. The princijilc of all the machines 
is the same, the mode of loading being either hyd.’aulie or by 
means of either two, three, or four vertical screws geared* 
togidher. 

Autogra])hic apparatus is provided for stress-strain diagrams, 
and an automatic controlling device can b(^ fitted, if ro- 
(piired, for moving the jockey weight W. Kleetric contacts 
arc arranged at the end of the beam L, so that when this end 
rises it makes contact, and completes the circuit of an electro¬ 
magnet. which cau.ses flu' weight^driving .sci’cw to be put into 
gear with the independent driving shaft, 'i’lie weight IK 
then moves along tile beam towards the smaller end until 
the balance is restored and the contacts broken, when it 
remains in the balanced position until more load is ap[ilied. 

Manometric Type Testing Machine. 

In this type of testing machine one end of the specimen iv 
attached, by suitable means, to the .screw or hydraulic ram 
provuling the necessary force, whilst the .other end is connected 
thiough a cross-head and arms to a flexible diaphragm forming 
the cover of a chamber filled with a fluid, .such as mercury. 
When the load is applied to the specimen, the diaphragm 
o.xperiences the same force and transmits .pressure to the 
liquid inside the chamber, which is recorded by a calibrated 
pressure gauge or a mercury column; the load upon the 
specimen is then equal to the ellective* area of the diaphrp.gm 
multiplied by the recorded pressure per unit area. 

Fig. 72 illustrates a small machine, based upon the above 

• Tho projected area upon a plane normal to the axis of ll.c sjeeimen 
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Fia. 72 .—Thb JJailey Manomeiuic Tehsjle Testing Machine. 
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principle, for testing wires, strips, rods, and cables In lengtlis 
up to about 18 indies and for loads up to 5000 pounds (in a 
larger type loads up to 10,000 pounds are provided for). 
’Ihe load is ajiplied by means of the hand wheel shown upon 
the left, actuating a s(iuare-threaded screw attached to the 
cross-head. A quick-return motion is usually provided in 
this class of machine for bringing the movable cross-head back 
after a test. 

It is essential that the diaphragm itself should offer practi¬ 
cally no resistance, otherwise the loads will not bo propor¬ 
tional to the pressures observed; this eltect may be tested for 
by hanging weights over a pulley fi'om a wire attached to the 
diaphragm cross-head, or by inserting a calibrated tension 
spring or balance in place of a specimen, and comparing the 
calibrated with the recorckal loads. 

'J’he Thomas.set testing machine is another e.\ami)lo of the 
manometrie ]jrinciplo applied on a larg(! scale, in this machine 
the, s])ecimen is vertical, ami tin: lower end is connected through 
shackles to an hydraidic ram. The u[)i)er end is connected 
to a, horizontal h'vcr at a [loint between tin? fulcrum and the 
smaller end, which is attached to a horizontal diaphragm 
consisting of a flexible metallic plate and a sheet of rubber, 
covering a chamber filled uith mercury, ’riic load upon the 
sjiceimen is indicated by the height of mercury in the vertical 
gauge connected with the chamber. 

The Emery testing machine, built in 18711, and installed in 
the Watertown Ansenal, U.S..4., also utilizes the manometrie 
principle. This machine is capable of testing specimens 
up to 28 feet long and 30 inches wide in tension, and up to 
30 feet long in compression, the maximum loads cajiable of 
being exerted being 360 tons and 480 tons respectively. The 
load is applied hydraulically, and is measured by means of a 
compound lever system. *lletween this system and the 
specimen is a group of four manometrie diaphragms connect*! 
by small boro pipes with four other small diaphragms, the 
object being to reduce the loads to a much smaller value for 
transmission through the lever system to the weighing arm. 




Batley Compact Testiso Machine. 
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The reduction in the diaphragm system is 20 to 1, ivnd in tlio 
whole system 420,000 to 1. In this macliine flexible steel 
plates or connecting strips arc employed ii.stead of knife- 
edges, in order to reduce the friction. 

Shackles and Specimen Holders. 

The design of the shackles for holding specimens in tension, 
comi)ression, and sh<>ar tests, has an important influence upon 
the test results. 

It is es.sential that the load shall be ap|)lied uniformly over 
the area of the specimen, and that for the movement of the 
weighing system, the line of actioii of the load shall always 
remain coincident with the axis of the specimen. The speci¬ 
men* itself should bo so designed that it does not fracture in 
or near the shackle grips. 

Eor commercial test work it is nec^essary for specimens to 
b<‘ quickly placed in the grips, and r(mioV(‘d after testing, 
witlnjut special tools or appliances. 

It is usual in most testing machines to arrange for one of the 
eross-h('ads (generally upon the. load-application side of the 
.sjiecimen) to be adjustable, for accommodating specimens 
of different length; this is effected by means of a scrcwtxl 
portion or portions of the cross-head. 

The shackles betw<X'n the cross-head and specimen arc 
usually of the fork-hinged type, as shown in Eig. 74, to 
allow for self-alignment during loading. 

Two typical methods of holding specimens are shown in 
Eig. 75. In the left-hand diagram the section of the specimen 
is enlarged where it enters* the split spherical-seated collars 
shown, and a substantial head or shoulder is j)roVided for 
taking the tensile load. The right-hand diagram shows an 
alternative method in which the enlarged screwed end of tlic 
sj)ccimcn is held in a hardefiod spherical nut. It is desirable 
to employ rounded threads for this purpose. Fig. 77 ilh^s- 
trates the Riehle self-centring specimen-holder. 

* Tlio shapes of suitalilo tost pieces have already boon considered upon 
p 74 ct seq 
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For ceitain plastic materials, such as mild steel and wrought 
iron, wedge grips, similar to those shown in Fig. 74, are em¬ 
ployed. The aliglo of the wedges is from about 1 in 6 to 1 in 8. 




. > Plan 

Fig. 74. —Testing Machine Hinged ^hackles with Wedge (liurs. 

cThe surfaces of the hard-steel wedges adjacent to the speci¬ 
men are roughened, similar to those of a file, whilst the other 
three sides are finished smooth, so that the wedges readily 
slide down the shackle adapters; with this method the speci- 
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men is gripped progressively tighter as tlio load increases. 
In the example shown in Fig. 74 it will be seen from the half¬ 
plan view that the shackle adapter for the wedge.s is split, and 
is held in position by means of the bayonet-joint ring shown. 
The wedge method of grijjping is employed in the case ot flat 
strips of metal. 



Ji’io. ir>. —SrnEiiic.mi.v Seitec (jRirs. 


Fig. 75.\ shows the Riehle patent wedge grips for S(4f-align- 
ment of the sp('cimen, the wedge faces upon the remghened 
side being rounded so as to grip the specimen more in the centre 
than at the outsides. The round wedge faces are shown in 









4 


Diagrams 1 and 2 at 0, 1) being the flat specimen, whilst 
Diagram 4 is a roproductioii of one of the wedges showing 
the curved roughened face. 

Fig. 70 illustrates a convenient and inexpensive form of 
wedge grip for testing oast iron in tension. Here the specimens 
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are inade''in tho form sliown in the diagram, being turned 
down to template; the wedges dies, as goen in plan view, 
are split. 

For making shearing te.sts it is an easy matter to devise 
a suitable shackle upon tho forked-ond and cye-plato pi'inci[)le, 
with tho .specimen to form tho connecting pin. The specimen 
is in double shear in this case, and in order to approximate 
to a jmre-shearing action the specimen should be in the form 
of a holt, with a clamping nut to hold the sides of the forked 
shackle to the eye-plate shackle, and to thus minimize bending 




Fir,. 70. —Izon’s Siievkino Shackle. 

action. The shearing edges of tho shackle holes should bo 
hardened; replaceable hardened bimhes are found convenient 
in this respect. 

Fig. 70 illustrates the Tzod* shearing shackle for flat bar 
specimens. In f,ho diagram ss 'is the specimen, which is 
rigidly heVl to tho frame a by moans of the plates (/</, which are 
bolted down oij to the specimen. The frame a forms one 
member of tho shackle and is provided with hardened-steel 
shearing plates 6, whilst the cast-iVon sliding block d, carrying 
tlte hardened-steel shearing plate e, forms the other member. 

A convenient form of shearing tool, suitable for making 
double-shear tests upon 1 inch diameter bars, is that shown in 

* Proc. Inst, of Mcch. Kngincens, 1905. 
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Fig. 81. ,Tho block which can-ios the “ knives ” and specimen 
rests on the table of the testing machine, and the movable head 
carrying a crushing tool forces the U2)per knife through the 
specimen. The lower cast-iron block is provided with a 



Flu. 7a. -Msrunii of lIoi.i)iS(i (Jast-Iroji HrEci.MiiNs (Rtkiii.e). 


V-groo\'C in whicli the sjieeiinen rests. The two lower knives 
are exactly 1 inch apart, and are held in the bloclc with a 
wedge by which they arc brought into the correct jio.sition. 



Tie upper knife is movable, and is guided by the block; this 
knife is 1 inch wide, so that it just fills the space between the 
lower knives when it is moved downwards. 

Fig. 78 illustrates a convenient form of grip for holding steel 
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cable. The cable end is ' passed through a hollojv conical 
thimble, and the loose wires are individually separated and 
bent back in various directions; the interior d the thimble is 
then filled with a strong kind of soft solder or alloy.* The 
conical thimble then tends to wedge itself in the dies of the 
shackles during a test.f 

It is often customary to form a good splice at each end of the 
length of cable to be tested, and to bind with copper wire the 
spliced portion, finally soldering the whole splice. Ordinary 
pin-shackles can then be employed for holding the cable. 



Fio. 81 

f’ig. 80 shows a suitabk^ shacklt^ for hohling fabric, bolting, 
and similar materials; this design of shackle is employed upon 
the Avery fabric-testing machine. The shackle consists of 
two hinged portions A and /f, about the main link pin C, the 
hinging being for rapid insertion of specimens. The material 
is gripped between the corresponding corrugated portions of 
A and/f by means of the bolts D, and no .slipping is found to 
occur during a test. 

Autographic Stress-Strain Recording Apparatus. 

Most modern testing machines are provided with devices 
for automatically recording the loads and extensions of the 
specimens throughout a test. 

The principle upon which the more common types of auto- 

* A suitable alloy consists of lead 9 parts, antimony 1 part, and bismuth 
1 ])art. 

t For other suitable cable fastenings see Chapter VII. 
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graphic apparatus works is as follows- A cylindrical drum, 
upon which a sheet of paper is fastened, is eaustal to rotate 
about its axis Ity means of a piece- of fine wire or strong cord 
passing around a suitabh- concentric ])ulley. The other end 
of the -eeire or cord is attached through a ])ulley system to the 
specimen, or cross-head of the testing machine, so that the 
rotation of the drum is ])ro])ortional to tlue extension of the 
specimen. It is usual to fasten two clips to the specimen at 
2, 4, t), or 8 inches apart, as the case in.ay be, and to arrange 
for the wire or cord to pa.ss over ))nlleys on the clijis in such 
a manner that the rotation of the drum is j)ro|)ortinnat to the 
extension occurring betwei-n tlie cli])s. 

The .stress componeirt of the curve diawn upon the drum 
is obtained by means of a ])encil carriage which is moved in a 
direction parallel to the axis of the drum, and which derives 
its motion, through a suitable rediu-tion, from that of the 
rotation of the .scr(-w oi- the motion of tin- travelling cro.ss-head 
(the jKisition of which along the beam scale is ])roportional to 
the load upon the specimen). 

Fig. 82 illustrates the W’icksteed-Ruckton autogra])hie 
recorder employed upon single-lever machines.* The rotation 
of the drum is obtaim-d in a similar manner to that outlined 
above. The load is measured by initially setting tin- beam 
in its extreme position, by- running the jockey weight along 
to the maximum .scale reading, and by inter])o.sing a conijires- 
sion sjiring between the beam end,, and its lower stop. 'Ihis 
spring is initially compi-essed by the jockey \veight; as the 
load comes on the sjx-cinien, the Ix-ani slowly rises, and tin- 
compression .spring, becoming rMieved of part of its load, 
extends. • 'I'hc amount of the extension is proportional to the 
load upon the sjrecinn-n, and by coupling up the pencil carriage 
■wMh the sjrring, the-, pencil will be caused to travel vertically 
upwards by amounts depending ifpon the load, and, combined 
rWth the rotational motion of the drum, a load-strain diagram 
will be drawn. 

* Tlii.s a]>]jarutus i.s also sliowti U])on O-t on flic (-xtjemc rijilit-liand 
side. 
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In some forms of aiitoi;rapluc ivnordinf; apparatus it is 
arranged to aiitomatically record the time of tin- t-est by means 



I'n;. 82.—AtfToiirirnnc Arme^TCs os Testiso M vchise. 


of a clironograj)h-operatcd .sparking set or inked pen. Elec 
trical methods arc .sometimes employed for recording small 
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strains Ivithin the elastic limit, for a description of which 
the reader is referred to Unwin’s “ Testing of Materials of 
Construction.’'' 

An early load-recording device consisted of a pencil worked 
from a small hydraulic cyliruh'r’s [listen, the motion of the 
pencil being proportional to the pressure in the ram cylinder. 
Owing to uncertainty of ram friction, this method has not been 
adopted. 


Extensometers. 

The strains within the elastic limit are so small that special 
apparatus must be employed to measure same. In the case 
of a 2-inch specimen of mild steel the total amount of elastic 
strain up to the elastic limit is only about .! ,j inch, or about 
lu’oTi *nch per ton per square inch load, so that a device 
embodying some inagnitication .system of levers or mirrors 
becomes necessary. 

I'lxtcnsometcrs should bo capable of measuring strains up to 
•■cFoi.o inch, in order that the stress-strain relation may be 
obtained, and for estimating the value of moduli of elasticity. 

It is also essential that the mean of tlie strains of the two 
ojipositc sides of the bar or specimen should be measured, 
as one side may, and often does, stretch more than the other, 
owing to slight bending or stress inequality. 

The rate of loading also has *an influence upon the strain 
measurement, and a certain time interval (usually of several 
seconds) should bo allowed to elapse before an extensometer 
reading is taken. 

Extensometers for commercial use should be self-contained 
j —that is to liay, when not in use should not consist of a number 
of loose and delicate parts; they must bo easily affixed and 
detached, sufficiently strong in design, and reliable in use over 
• long periods with a minimum of attention. It is usual to 
supply gauges with an extensometer, provided with suitable 
punches or indenting screws; the gauge is placed upon the 
specimen, and the specimen is punched or marked at the gauge 
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distances, say, of 2 or 8 inches, the extensometer flamping 
screws being placet! on the marks. 

Approximate Method for Finding the Yield Point. —After tlie 
ola.stic limit is reached, the yield point may be readily detected 
by placing one point of a pair of dividers in on(> of the gauge 
marks and striking a series of small ares, baekvvai'ds and for¬ 
wards, aero.ss the other gauge mark; when the yield point 
occurs, the con.secutive arcs suddeidy ojKm out by a mea.sur- 
able distance. After the yield j)oint is passed, .strains may 
be measured by means of a scale and a pair of dividers. 

'I’licre are a number of e.xtensonu'ters upon the market, all 
depending upon the principle of lever or mirror magnification, 
and provided with microsco])e or vernier methods of measure¬ 
ment; one or two of the more important types will bo here 
described. * 


Bauschingei’s Extensometer. 

This extensometer consists of a j)ttir of rollers and miiTors 
for- measuring the strains, and enables the strains to bo read olf 
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simultaneously upon opposite sides of tho specimcir. This 
instrument enables readings to be taken to j millimetre, or 
approximately to o inch. * 

Eig. 83 illustrates the principle of the device. 

The specimen is gripped by means of separate knife-edge.s^ 
at a and 6, which are clamped in position. The clamp at b 

* For fuller information concerning other types tho reader is referred to 
Unwin’s “Testing of Materials’’; Ewing’s “ iStrcngth of Materials’’; and 
E. S. Andrews’s “ Strength of Materials.” 





carries a pair of ebonite rollers, and d„, upon well-aligned 
spindles, and each roller carries a mirror such as (j^ or 
Initially the mirrors arc adjusted normally to the axis of the 
specimen, so that the telescopes and c, show reflectioiis of 
the zero readings of the circular scales upon /. As the spool • 
men stretches there is relative motion between b and e, and the 
rollers with their mirrors arc progressively rotated, so that 
an observer looking through the telescopes sca's tiu! successive 
readings of the scales upon /. 

For approximate ])urposes the miiroi's may be replaced by 
long pointers moving over the same ty])e of scale. If I bi^ the 
length of the lever, arm r the radius of the rollei', and .t: Ix! the 
extension of the specimen to be measured, then 

, s 

x^r ■ 

where «= the scale reading on f. 


Unwin’S Extensometer. 

This instrument, which is shown illustrated in h’ig. 84, 
reads the strains directly by means of the vertical scale and 
vernier shown. 

There are two clamps, c, and Cj, the lower one of which 
carries a spirit level tub(! I fixed rigidly to it, but |)rovided 
with zero adjustment means at s. The up|)er lcv(4 I is free 
to rotate about the points of the attachment screws, one of 
which can bo just'seen behind Cj. in its normal position the 
upper level rests upon the ,top of tlu; micrometer-wheel 
vortical rod w'. 

Initially the two levels are adjusted to parallelism; as 
< stretching oficurs, the upper level rotates or swings down¬ 
wards, and the micrometer m i:j screw'cd upwards to counteract 
this effect, until the levels are again parallel, the amount of 
* vortical movement being read off the scales. 

Readings can bo taken to within inch with this instru¬ 

ment, but its use necessitates a continuous adjustment of the 
micrometer wheel, so that it cannot be said to be self-contained. 
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Ewing’s Extensometer.* 

This instrument, which is self-contained and very con 
venient and accurate to use in practice, is shown diagram- 



Fio. 84 .—Ukhin’-s Extenrometeti. 


niatieally in Eig. S.’i and in detail in Fig. 86. • The former, 
diagram will serve to explain the principle of the device. 

There are two separate parts, clamped to the specimen at 
B and O rcsjjoctively by means of set screws, of which C con¬ 
sists of a lever PCQ pivoted at G, and H is a rigid member. 
The rod IT is provided with a bearing or fulcrum at the lower 
*' For lullcr particulars soc Ewing’s “ Strength of Materials,’* pp. 77-82. 
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end, allowing rotation only in a plane perpendicular to that of 
the paper, an^ with a conical point at its upper end which 
engages in a corresponding cavity in the member G atP. 

When the specimen stretches, the point B, and therefore P, 
moves downwards, and the point C upwards, so that the end 
Q and the rod R both move relatively to B through a distance 



equal to twice the extension. This distance is measured by 
me*ns of a measuring microscope fixed to B by observing the 
hiovement of a fixed mark upon R. 

The joint between P and P' fo*'ms a rigid connexion between 
the two members, so far as angular movement in the plane 
of the paper is concerned; this is an essential feature in the 
action of the instrument, for it is only then that P servos as a 
fixed fulcrum in the tilting of G by extension of the specimen 
during a test. 
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Fig. 80 is an illustration of the usual form of the complete 
instrument. The cli])s B and C in this standa’’d pattern are 
set at 8 inches apart. 

The object sighted is one side of a wire stretched horizontally 
across a hole in the rod if, and illuminated by means of a small 
mirror behind. The distances CP and CQ are in this instance 
equal, with the effect that the movement of the sighted mark 
is double the extension of the test piece. The length of the 
microscope is adjusted so as to give a constant magnification. 


L 

P 


Fig. 80.—The Ewing Extensometejs. 

This adjustment should be tested with the extensometer 
mounted on the specimen, and if necessary the length of the 
microscope tube can be altered by drawing out or in the portion 
carrying the eyepiece. A compfi^te revolution of the screw L, 
which has a pitch of , of an iiudi, should cause a displacement 
of the mark through 50 divisions of the eyepiece scale, and 
when this is the case the eyepiece is at the proper distance 
from the objective. Readings are taken to tenths of a scale 
division, so that this displacement, which would also be given 
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TBT! of inch extension of the test piece, corresponds to 
500 units. Each Unit then means 5 ^ 70 co ioch in the extension 
of the test piece. In the instrument the whole scale com¬ 
prises 1400 units, and calibration tests show that throughout 
the middle 1200 of them the proportionality of the scale 
readings with the real movements of the mark is practically 
perfect. 

The screw L also serves to bring the sighted mark to a 
convenient point on the micrometer scale, and also to bring 
the mark back if the strain is so largo as to carry it out of the 
field of view; thus, a single turn of the screw adds another 500 
units to the range shown on the micrometer scale. In dealing 
with elastic strains there is no need for this, as the range of 
the scale is itself sufficient to include them, but it is useful 
when observations are being made on the behaviour of 
metals as the elastic limit is passed. 

To facilitate the application of the oxtensometer to any rod 
a clamping bar is added by which the clips B and C are held 
at the right distance apart, with the axes of their set screws 
parallel, while they are being secured to the test piece. Such 
a clamping bar is especially convenient when the strain has 
been carried beyond the elastic limit and it is desired imme¬ 
diately to reset the clips to the standard distance apart after 
the length between them has materially changed by extension 
of the specimen. The clamping bar must, of course, be re¬ 
moved before a test begins. 

A similar standard pattern of Ewing extensometer is supplied 
to read in metric units. In this case the length between the 
clips on the tbst piece is 20 centimetres, and the micrometer 
screw has a pitch of | millimetre. The length of the micro¬ 
scope is again adjusted so that one revolution of the screw 
causes a displacement of 50 divisions on the eyepiece scale. 
Readings being taken to tenths of a division, each unit in the 
reading corresponds to ^ 555 millimetre in the extension of the 
test piece. 

In another pattern of Ewing extensometer, also designed 
for metric readings, the length between the clips on the test 



TESTING MACHINES AND METHODS 


193 


piece is 10 centimetres. In this case the lever arms OP, GQ 
are so proportioned as to magnify the extension four times. 
The object sighted is a small glass slip on which are engraved 
horizontal linos 1 millimetre apart. The length of the micro¬ 
scope is adjn.sted to make the space between these lines 
correspond to 50 divisions of the eyepiece scale, or 500 units 
in the readings. In this pattern of extensometer each unit 
consequently ropres<mts millimetre in the extension of 

the test piece. 

Fig. 87 shows a modified form of Ewing extensometer 
adajjted to measure the elastic compression of short blocks 
having clip centres 2 inches apart. In this instrument the 
lever arms are arranged to magnify the movcnnent 5 times, 
and the object sighted on is a small glass slip on which aro 
engraved two fine horizontal lines ineh apart. The length 



c 


Fio. 87. 

of the microscope is adjusted to make 50 divisions of the 
eyepiece correspond to this division of inch. Therefore, 
for a movement of one scale division of the eyepiece the glass 
slip moves through inch and the extensometer centres 

move relatively , ,^1 j,,, inch.^ In making the test, readings are 
taken by estimation to tenths, and a unit consequently corres- 
jionds to j B of compression. 

The compression form is also supplied for metric readings, 
with clip centres set 5 centimetres apart. The levers magnify 
5 times, and the interval between the sighted linos on the glass 
slip is I millimetre, which covers 50 divisions of the eyopioed 
scale. By estimation to tenths readings aro consequently 
taken which correspond to millimetre in the compression 
of the specimen. * 

* Tho iastruments illustrated in 85 to 87 aro manufactured by the 
Cambridge yciontilic Instrument Company, to whom tlio author is indebted 
for the loan of tho diagrams. 


I. 


in 
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Both of the compression forms are suitable for tension tests, 
on lengths of 2 inches and 5 centimetres respectively. 


The Cambridge Extensometer. 

This instrument, which is suitable for both scientific and 
commercial use, is of simple construction and gives accurate 
readings of the strains during a test. 

The instrument is shown illustrated in Eigs. 88 and 89. 

It is made in two separate pieces, each of which is 
separately attached to the test piece M by hard steel conical 



Fi^i. 88 .—The OAMBRinoE Exten.someter. 


points P, P and Pi, P^. The steel rods carrying these points 
'slide in geometric slides, and after being driven gently 
into the centre punch marks in the test piece are clamped 
in position by the milled heads B, R. Both parts of the 
instrument should be capable of rotating quite freely about 
the points, but there must bo no backlash. 

The lower piece carries a micrometer screw fitted with a 
hardened steel point X and a divided head H. It also carries 
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a vertical arm B, at the top of which is a hardened steel knife- 
edge. The upper and lower pieces work together about this 
knife-edge. A nickel-plated flexible steel tongue A, forming 
a continuation of the upper piece, is carried over the micrometer 
point X. This tongue acts as a lever magnifying the exten¬ 
sion of the specimen, so that the movement of the steel 
tongue to or away from the steel point X is five times the 
actual extension of the specimen. 

To take a reading with the oxtensometer the thin steel tongue 
A is caused to vibrate, and the divided head then,turned till 



Fia. 89. —The (VivinRiDOE Extensometer. 


the point X just touches the hard stool knife-edge on the 
tongue as it vibrates to and fro. This has proveVl to bo a most 
delicate method of setting thp micrometer screw, as the noise 
produced and the fact that the vibrations are quickly damped 
out indicate to 1555 millimetre the instant when the screw is 
touching the tongue. After the load is applied, a second 
reading is taken in a similar manner, and the difference in 
the readings gives directly the extension of the test piece. 
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If the iest piece is of small diameter the spring does not 
vibrate in so satisfactory a manner; the cause of this is the 
flexibility of the test piece, the instrument itself vibrating 
as well as the spring. Still, very delicate readings can be 
taken by simply deflecting the spring with the finger and noting 
the contact as it j)asses the point. No damage can be done 
by advancing the micrometer screw too far forward; all that 
happens is that the point passes the knife-edge on one side or 
the other. 

Dimensions. —The standard instrument is suitable for use 
on specimens up to 20 millimetres or J inch diameter, the 
centre points/*, being 100 millimetres apart. Instrunrents 
have also been made with the centre points 2 inches apart, 
and instruments for other lengths can bo readily designed. 

Referring to the standard instrument for 100 millimetres, the 
pitch of the micrometer screw is I millimetre; and the head 
is divided into 100 parts. As the lever multiplies 5 times, each 
division on the head corresponds to an extension of the tost 
piece of ,, 55 ^ millimetre, and as the tenths of divisions can be 
estimated by eye, readings can be taken to toroTi) millimetre, 
although it is not claimed that the results are trustworthy 
to this degree of accuracy. The effectiv'e length of the test 
piece being 100 millimetres, readings can be taksm to 
of the length of the test piece by estimation. 

This instrument has been tested by the authorities of the 
National Physical Laboratory, who^State that “ the instrument 
is evidently reliable to about the one-thousandth part of a 
millimetre under ordinary conditions of test.” 

It is essential, as with other types of extensometer, that 
the specimen should be marked off at exactly the correct 
cpntres, and that the extensometer steel-tongue centre line 
should pass through the centre-line of the test piece. For 
marking off the specimen to the correct gauge length, the 
jsliecial marking-off tool shown illustrated in Fig. 90 is pro¬ 
vided, and for centring the extensometer upon the test 
piece the centring gauge shown in Fig. 91 is particularly 
useful. 
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Torsion-Testing Machines. 

Many tonsilc-testing machinos are often* provided with 
means for making torsion tests; one common method em¬ 
ployed upon single-lever, vertical typo machines is to provide 



a suitable chuck having its axis coincident with the line of the 
Icnifc-edges of the main fulcrum of the beam. One end of the 
torsion specimen, usually of square or castellated section, is 



inserted in this chuck, and the other end has a similar chuck 
fitted in a largo worm wheel, actuated by a hand wheel or 
gearing through a worm. As the torque is applied by means 
of the wofm and worm wheel, the other end of the specimen 
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tends to rotate the weighing beam (which is initially balanced 
80 that its C.G. coincides with the fixed fulcrum), and the 
torque is balanced by moving the travelling weight along the 
beam; the product of the weight into its distance from the 
axis of torsion, or fixed fulcrum, gives the torque upon the 




specimen. The worm wheel is psually provided with a dial 
and indicator to show the angular strains at different torques. 
*” Fig. 92 illustrates diagrammatically the principle of the 
torsion attachment to a single-lever machine. 

Fig. 93 shows diagrammatically two alternative methods 
of obtaining a pure torque, without the disadvantages of 
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shearing action, which is present in single-arm torsion 
machines. 

♦ 

Another method depending upon the same principle as Fig. 92' 
is illustrated in Fig. 94, which shows a torsion-tosting^machine 
made by Denison and Son, of Leeds, capable of applying 




torques up to 60,000 inch-pounds. The load is applied by 
means of a small high-speed electric motor driving the worm 
and worm wheel, seen upon the right-hand side of the illus¬ 
tration, and this in turn works through a pair of gear wheels 
on to one end of the specimen. The other end of the specimen 
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is attached to a chuck in a lover pivoted upon luiife-edges, 
the longer end of which pulls, by means of the,tension member 
shown upon the left-hand side, upon one side of an initially 
balanced weighing arm, which records the torque upon a 
suitably engraved scale. 

In this particular machine the travelling weight upon the 
weighing arm is automatically moved from its zero position 
along the beam as the torque is applied to the specimen, 
and thus always indicates, by its position, the amount of the 
torque at any monient. • 

The specimen, which is always in view, and which can 
be of any length up to 5 feet, is provided with squared 
or castellated ends, and is free to slide at one end during 
a test in order to accommodate the contraction in length 
accompanying torsional strain. 

Fig. 05 illustrates another type of torsion machine, made 
by Messrs. Bailey and Company, and due to Professor 
Thurston, in which the torque is applied to the specimen by 
means of a hand-wheel-operated worm and worm wheel, 
and a pair of gear wheels, and is measured or balanced by 
means of a vertical pendulum upon the same axis as the 
specimen, w'hich swings out of the vertical as the torque is 
ajiplied, the angle of swing being a measure of the torque. 
Thus, if f=the distance of the C.G. of the pendulum from the 
axis in inches, W—its weight in pounds, and 6=its angle 
of dellection measured from the vertical, then the value of the 
torque upon the specimen is—W Z sin 0 pounds-inches. 

This machine is provided with an autographic recording 
apparatus, which consists of a cylindrical drhm, upon which 
the paper is fixed, and which is itself concentric with and 
attached to the movable chuck holding one ehd of the spesi- 
mon; the angular strains £ye thus directly measured. The 
ordinates of the curve drawn arc proportional to the swing 
of the pendulum—that is, to the torque—the recording 
pencil being attached to the pendulum. 

Fig. 96 illustrates the method of holding the specimen, 
and the templates employed to obtain the standard proportions 
of the specimens. 
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Torsion Meters. 

It is usually a fairly easy matter to measure the angular 
strains in torsion tests, as the observed strains are relatively 
much greater than those occurring in tension or compression 
tests; thus, a circular bar of mild steel of length equal to about 
10 diameters will make three or four complete revolutions 
at one end before it twists off. 

The jjrinciple of most of the devices employed for measuring 
torsional strains is to fix a telescope or cathetometer upon the 



Fiu. <J7 .—^Tiib Riehle Torsion Meteb. 


fixed end of the specimen, and parallel to same, at a convenient 
distance from the centre. TJie other end carries at the same 
radius a graduated circular scale, clamped‘normal to the 
rotating end of the specimen. Readings are made by looking 
through the telescope, on to the scale. * ♦ 

Fig. 97 illustrates the {liehld torsion meter, which is 
employed for determining the elastic limit, spiral angle, and 
torque-strain readings to within five minutes. The device** 
consists of two pairs of gears, each comprising a smaller and 
a larger gear wheel, in the ratio of 1 to 3; the smaller gear 
wheel of each pair is securely fixed, by means of three hardened 
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and pointed screws, to each end of the specimen. The larger 
gear wheels aTe carried upon a separate frame, and are pro¬ 
vided with universal joints for alignment purposes, so that 
it is only necessary to take their readings with fixed verniers 
during a test. In this instrument the angular torsion strains 
are reduced in the ratio of 1 to 3. To prevent any backlash 
of the gears from interfering with the readings, the larger 
pinions arc cither weighted upon one side, or are providc^d witli 
an automatic radial adjustment which always keeps the gears 
fully in mesh. 

This instrument is designed to take readings over lengths 
varying from 2 to 10 inches, and upon diameters up to 2 
inches. 

Wire and Cable Testing Machines. 

Wires and cables can, of course, usually be tested in ordinary 
tensile-testing machines, but for the smaller sizes einjiloyed 
in aircraft work and occasionally in light car construction, the 
usual tensile testing machine possesses the following disadvan¬ 
tages, namely:— (a) That the small loads cannot bo accuratelj' 
measured; (6) that the lengths of wire or cable require to be 
fairly short; and (c) that the machine is generally too massive 
and cumbersome to use. Where wires, small rods, or cables, 
require to be tested in any number, it is advisable to employ 
a special wire-testing machine. For aeronautical work one 
with a capacity up to 8000 or lO'OOO pounds is convenient. 

Fig. 08 illustrates an inexpensive horizontal pendulum type 
of wire-testing machine, made by Sir W. Bailey and (lonipany, 
in which the load is applied by hand through a handle, worm, 
worm wheel, and screw, and is measured by the angular 
.movement oF the pendulum shown, which records the total 
load upon a dial. The dial^ which is graduated up to 
5000 pounds, is provided with a maximum pointer for 
•^marking the maximum load. An oil buffer is provided to 
allow the pendulum to return smoothly after a tost. Speci¬ 
mens up to 18 inches in length can bo accomniodated in this 
machine. 
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Eig. !)!) shovvrf a more elaborate wire-testing machine made 
by Messrs. Denison and Son, with a capacity up to 10,000 
pounds, and in which the load is applied at a given rate by 
means of an electric motor, which drives through a flat belt 
the worm gearing actuating the load-application screw. 
This machine works upon the lever principle, the loads being 
indicated upon a large dial provided with a maximum hand, 
wdiich is pushed around by the moving hand and remains 
at the maximum load after fracture of the specimen. This 



Fio, 98 .—Tub B.ulby '^Viue Testinc M.wiiine. 

• 

machine is also provided with autographic apparatus for 
drawing load-strain diagrams;* the principle of this device 
may be followed from the diagram, which shows the strain 
levers, cord, and pulleys actuated by the movement of the 
lower grip, which pulls a cord around the horizontal drum.** 
The load mechanism can also bo traced from the illustration. 

In this type of machine the wire is held in wedge grips similar 

* This is very convenient for finding tiio elastic moduli. 
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in princij)le to those shown in Fig. 74, but with a quickly 
attachable arrangement for inserting the wire. 





Fia. 99.— THEii>KNi.soNjWiK]5 Testing Machine {10,000 Lb. Type). 

Other types of wire-testing machine work upon the mano- 
metric principle, and the more elaborate forms are provided 




Fig. 100.—The V.\rGH.iN--EpTO>; Wire F.^tigge Testixo M.tcHiNE. 
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with automatic devices (usually electrical in origin) for apply¬ 
ing the load at a given rate, and for recording loads and 
strains. 

In a large number of instances the stresses experienced by 
wires and cables are alternating in character, and the more 
common example occurring in practice is that of a wire under 
combined bending and tension, as in the ease where pulleys are 
employed. 

A machine, known as the Vaughan-Epton typo, made by 
Messrs. J. Buckton and Company, has been devised ft)r testing 
wire and cable in this manner, and is shown illustrated in 
Fig. 100. The wire or cable under test is fixed at the right- 
hand end in a fixed friction chuck or grip, and passes around 
three horizontal pulleys, the centre one of which is out of 
line with the other two (as shown in Fig. 101). The pulleys 
are carried upon a cross-head which can bo driven to and fro 
upon the gantry of the machine by means of the crank and 
eccentric motion shown in the lower left-hand side. The other 
end of the wire or cable is attached to a chuck forming part 
of the ram of a horizontal cylinder, which in turn is in con¬ 
nexion with a small variabh; load accumulator by means of 
which a constant load of from 1 to 1000 pounds can be apjfiied 
to the wire under test. A special counter is provided for 
recording the number of strokes of the cross-head, and moans 
are provided for taking up the stretch of the wire, whilst 
keeping the constant initial load hpon it. A small compen¬ 
sating pump is provided for suj)plying pressure to the accumu¬ 
lator. When the test has proceeded to the point when 
fracture of the wire occurs, the counter is thrown out of action 
and the driving belt is moved on to a loose pulley. It is also 
possible to give the wire any initial degree of torsion, if desired. 

Transverse Testing Machines. 

•••- It is often necessary to make quickly a number of successive 
tests upon a standard size of beam, and for this purpose 
it is very convenient, not to add inexpensive, to employ a 
simple type of machine designed expressly for the purpose. 
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Fig. 102 shows such a form of machine, made by Messrs. 
W. H. Bailey and Company, for testing bars of cast iron, 
gun-metal, concrete, etc., in bending. This ihachine is de¬ 



signed for bar.s 2 inches deep by I inch wide by 3 feet span, 
and loads up to 40 cwt. can be applied at the centre of the 
beams. The macliine is of the single-lover typo, and the 
sliding jockey weight is provided with a milled head tor slowly 
moving it along the weighing arm. 



Fia. 102._ The Bvilev 'JTi\n3veese Testino Machine. 

A more elaborate form of transverse tester, rngide by Messrs^^ 
Olsen, of Philadelphia, is shown in Fig. 103. 

This machine is provided Vith an autographic apparatus 
for drawing large-scale load-deflection diagrams right up - 
to the breaking-point. The weighing mechanism is of the 
combined lover and pendulum type, and has a capacity in the 
smaller type of machine of 2500 pounds, and, by employing 


I. 
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additional pendulum weights of 6000 pounds, in the larger type 
loads of 5000 pounds and 10,000 pounds are provided for. 

The load is applied by means of the hand wheel and screw 
at a constant rate. 

The sizes of test bars employed are 1 inch square by 12 inch 
span in the smaller machine, and 2 inches square, by 24 inch 
span in the larger machine. 



Fia. 103 .—The Olsen Tuansvek.se AeTociiAi'iiic Testing Machink. 


Fatigue and Combined Stress Testing Machines. 

, It is becoming the practice to test specimens and members 
under conditions approximating to those actually occurring, 
for, although static tests are valuable up to a certain limit, 
there is not, at present, sufficient information available for 
predicting fatigue results from data derived from static tests. 

Special machines have therefore been devised for testing 
machines under different systems of reversed and alternating 
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loadings, and for combined stresses. Machines bave also 
been devised for repeated impact or shock tests; one or two 
typical examples of this class will bo described later. 

One of the earliest repeated-stress machines was that em¬ 
ployed by Wohler* for testing specimens in reversed bending 
action—that is, from a positive, through zero, to a negative 
bending moment. In this machine the specimen is held in 
the chuck of a lathe, as a cantilever beam, the outer end of 
which is loaded through a ball race with a fixed spring or 
dead weight. Each side of ,tho specimen is alternately in 
compression and tension every revolution of the lathe spindle; 
the number of revolutions before fracture is recorded and the 
range of stress is estimated from the load and the dimensions 
of the specimens. 

Fig. 104 shows an improved type of Wohler machine used 
by the National Physical Laboratory for making tests upon 
Welded steel joints; the principle is essentially that described 
above. 

In this machine the number of alternations could be varied 
up to 2000 per minute, although, as has been already pointed 
out, there docs not appear to bo any reduction in fatigue 
strength duo to the high rate of alternation. 

The machine illustrated was provided with a revolution 
recorder for recording up to 10,000,000 revolutions, and was 
direct motor-driven. The load was applied through a Skefko 
s[)horical typo ball-bearing to allow the spindle to deflect 
without affecting the direction of the load. A universal joint 
was provided between the bearing and the load, and beneath 
the load-weights was an oil dash pot to damp^ut oscillations. 
The hand wheel shown below the universal joint was provided 
with a hollow screw through which the load «pindle passe4, 
and when it was desired to take the load off, or apply the load, 
the screw was moved up or ddwn to lift or release a flange upon 
the load rod, respectively. 

The machine was automatic in action, and onco started 
could be left running, for when the specimen ljrojs,e the load 
* Seo p. 120 el aeq. 



:als 



Fig. 104 —The N.P.L. Wohlee Fatigue Te.sting Machine. 
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and its rod dropped through a certain distance and* operated 
a switch breaking the circuit of the electr|p motor. The 
specimens used were of 1 inch external diameter, but at the 
chuck end were drilled out to about | inch, in order to reduce 
the period of the test and to enable a small, compact machine 
to be used. 



Ifia. UW.—PuoKESSOR .S,MiTii’.s Stkess Hei'etition Machine. 

• 

For axle .steel, with a range of reversed .stre.ss of about 
36 tons per square inch, it was found that about 2,000,000 
reversals were required to fracture the specimen with thb 
above type of machine. 

Another type of machine devised by Professor J. H. Smithy 
for testing specimens in alternate tension and compression is 
shown illustrated in Fig. 105. In this machine a shaft N, 
carrying a pair of flanges K, is provided with unbalanced 
W’eights which as the shaft rotates introduce longitudinal 
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a nd reversed centrifugal forces upon the specimen BC, which 
is clamped at C; the specimen thus experiences repeatedly 
varying stresses. An initial tension may be applied to the 
specimen bj' means of the spring II and screw device J. The 



Fio. 106. —The Uptos-Lewi.s FaMoue Te-stino Machine. 

shaft N is driven off another shaft in the same line with it, 
through a flanged plate carrying a radial slot driving one of the 
projections E ; in this way the specimen receives no driving- 
action effect. 
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A machine employing this principle is used at the National 
Physical Laboratory for alternate tension aijd compression 
tests upon one or a number of specimens at the same time. 
In this type of machine the whole of the rotating parts must 
be balanced so that the machine and its foundations are not 
subjected to vibrations. 

Figs. 10(i and 107 illustrate another typo of reversed bending 
machine, known as the Upton-Lewis fatigue-testing machine.* 
The specimen, which is of rectangular section J inch x f inch. 



or I inch x 1 inch, by 6 inches long, is clamped to the jaws 
A and B, tlius forming the connexion between the two pieces. 
The jaw A forms part of an elbow lever A DN', pivoted at D, 
and provided with a pair of compression springs E and P, 
which can be screwed up or down so as to giv«! any amount, 
of stress range (one side positive and the other negative). 

The reversed bonding action is applied to the specimen by 
means of an eccentric or variable throw crank M, acting 
through the connecting rod L on to the arm KB, thus altern¬ 
ately bonding the specimen, first one way and then the other, 

* Manufactured by Messrs. Olsen, of Philadolphia. 
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against each of the springs E and F in turn, until fracture 
occurs. I 

The machine is fitted with an autographic apparatus which 
reproduces, to scale, the compressions of the springs (which are 
proportional to the ranges of stress) as ordinates, and the num¬ 
ber of alternations up to fracture, which are taken as a measure 
of the fatigue resistance for the given range of stress. 

Fig. 108 shows a typical diagram from this typo of machine; 
the vertical distance Y denotes the stress range, and the num¬ 
ber of repetitions is shown by the number of peaks on one 



side. The diminishing height of the ordinates after about 
the fortieth alternation denotes the fatigue breakdown pre¬ 
ceding-rupture. 

The Sankey Reversed Bending Machine. 

This machine is a convenient one for carrying out workshop 
reversed bending tests by hand, and consists of an ajipliance 
for bending the specimen baclr*vards and forwards through 
a fixed angle of 1-6 radians (=911°) until it breaks. An 
autographic device records the maximum bending moment 
Und the number of alternations, as a number of parallel strokes, 
somewhat similar to the records, from the machine previously 
described. The arrangement for measuring the bending 
moment consists of a fiat spring B (Fig. 109) clamped at one 
end A, and carrying at the other a grip C, between which and 
the bending lever E (which is about 3 feet long) the specimen 
D is inserted. The grip 0 actuates, by means of the cords 
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or wires L and M, the pencil H, recording the bending moment 
ordinates. , 

The test procedure is to slowly bend the specimen, by means 
of the lever E, until the yield point is indicated by a distinct 
jerk or stretching, when the drum is rotated by hand two 
teeth, whilst still maintaining the yield pressure; this ensures 
the recording of the yield bonding limit. The bend is now 



completed to the standard angle, as indicateef upon the ditll 
FF, and the bending rever.-^'d to the other limit, <and so on, 
until the test piece breaks, the angle of fracture being noted 
upon the graduated sector FF. The spring B is calibrated by 
applying a known bending moment to the end of the hand 
lever E, at P, by means of a spring balance, and adjusting 
the length of the spring B until the recorded moment upon the 
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drum corresponds with that of the spring balance. The energy 
required to rupture the specimen is given by— 

E = l-6 X No. of Bends x Mean Range of Bending Moment. 

The Yield Strcss=0-645 x Initial Yield Bending Moment. 

The Ultimate Stress=0-()45 x Maximum Recorded Bend¬ 
ing Moment. 

The specimens employed have a free length of 1| inches. 

Impact Machines. 

Machines which have been devised for testing materials 
under conditions of impact or shock may be roughly divided 
into two classes—namely, (a) Machines for breaking the given 
specimen at a single blow, and provided with moans for measur¬ 
ing the energy absorbed; and (l>) repeated-impact machines 
for delivering a number of blows of known. energy before 
fracturing the specimen. 

To the former class belong the Izod, Charpy, Olsen, and 
N.P.L. screw-thread and railway coupling impact machines.* 
The latter class comprises machines such as the Oambridgo 
drop-hammer type, the Eden-Foster, and vibratory spring 
testers. 


The Fremont Impact Machine. 

This machine is of the falling-weight type, and is often 
employed in automobile and engineering works for testing 
the shock-resisting qualities of materials. 

The test piece, made to standar/1 dimensions, is placed upon 
rests at the bottom of the apparatus, and a vertical column, 
immediately above, acts as a guide for the weight, which is 
rliowed to drop upon the specimen. 

The initial height multiplied bp the weight of the hammer 
s a measure of the energy of the blow; the energy left in the 
rammer after the blow is measured by moans of the deflection 
of a spring which receives the blow after the specimen has 

* This machine has also been arranged to deliver a number of succo.ssivo 
blows to the specimens untd fracture occurs. 
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fractured. The difference between the two energies is that 
ab.sorbed by the specimen. 


The Izod Machine. 

This machine,* which is shown illustrated in Eig. 110, is 
designed for making impact tests upon standard notched 



bar specimens, t The specimen is clamped in a vice in the 
position indicated in Fig. Ill—that is, with the notch facing 
the hammer, which is of the pendulum typo. 

* Manufactured by Messrs. W. and T. Avery, Ltd., Birmingham 
t Scop.'142. 
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The hammer is released from an indicated angle, corres¬ 
ponding to a fixeci height, and after striking and fracturing 
the specimen swings to the opposite side, to another indicated 
angle, from which the height after swing is determinable. 

The energy absorbed by the test piece is, then, equal to 
the difference in heights of the C.G. of the hammer before 
and after impact, multiplied by its weight. 





Fio. 111 .—Anvil for Izod Machine. 

The indicating scale is provided with a friction pointer, 
which is moved by the swinging hammer, and wliich indicates 
energies in foot-pounds, directly. 

This form of machine is simple and cheap; it enables single- 
blow impact tests to be made very quickly, and has been found 
to give accurate comparative results. The maximum energy 
of this machine is 120 foot-poumls. 

The Charpy Machine. 

This machine, which is used on the Continent, is also 
6i the pendulum type, but the hammer consists of a flat 
circular disc, provided with a 30° rounded striking edge; the 
hammer weight is 50-2 pounds, and the height of fall 51-8 
inches, the total energy of the blow being about 217 foot¬ 
pounds. The notched-bar specimen is fixed at its two ends 
as a beam, and is struck in the centre behind the notch by 
the hammer striking edge. 
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The hammer arm swings through an angle of abtvut 154|“ 
before striking the specimen, and is released by withdrawing 
a spring plunger, or trip; after striking, the Aammer is pre- 



Fio, 112 .—Thk Chakpy Impact Macuine. 

vented from swinging back upon the fractured parts by 
means of a hand-lever-operated brake which consists of a 
serrated band almost coincident with the line of swing of the 
lowest part of the hammer. When the hand lever is pulled 
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towards the operator, the forward end of this band is lifted 
so that the hammer is wedged or caught by the band. 

A hand-opefated worm and worm wheel are provided for 
raising the hammer to its starting-point. 

The results of tests made upon this machine arc consistent 
with the Izod results. 

Large Impact Machine. 

A largo machine of the pendulum tyj)e, designed by the 
author, is fitted up in the engineering section of the National 
Physical Laboratory, and is employed for breaking railway 
couplings of statical tensile breaking load up to 100 tons. 
The specimen is carried upon a swinging pendulum or “ anvil ” 
of nearly 6 tons weight, whilst the hammer, which weighs just 
under 2 tons, has a variable drop up to 12 feet. The residual 
energy after fracture is measured either by the final heights 
of swing of the pendulums or by means of a constant frictional 
resistance device, actuated by the anvil. The specimen can 
be broken either by a single blow or by a number of blows. 
An electrical device i.s employed for stopping the hammer 
after impact, and self-recorders for indicating the angles of 
swing. In all type.s of pendulum imjiact machine it is neces¬ 
sary to ensure that the striking face or edge is at the centre 
of percussion of the lever. 

The Cambridge Repeated-Impact Machine. 

This machine, shown illustrated in Figs. 113 and 114, was 
designed by Dr. Stanton, of the National Physical Laboratory, 
and is made by the Cambridge Scientific InstrCment Company. 

The specimen consists of a round notched bar H (Fig. 113), 
held in a chuck at one end and resting upon knife-edges at 
this end and at the other, and it is subjected to a series of 
blows from an almost horizontal tilt hammer E pivoted at O. 
Between each blow the specimen is rotated through 180°, 
so that it receives alternate blows upon opposite sides. The 
hammer is operated by means of a lifting rod C, supported 
upon a roller D, the locus of the end of its path being the oval- 
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shaped curve E. At this end the rod is bent at right-angles, so 
that on the up-stroke it engages with and lifts the hammer 



head. Having reached the top of its stroke, the lifting rod ( 
slides forwards and disengages the hammer, which then falls 
freely upon the specimen H. 


Fig. 113—The Cambridge Repeated Impact Machine. 
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The number of blows delivered varies from 70 to 100 per 
minute, and the height of fall can bo varied from 0 to 3 J inches 
by sliding the roller bearing D along a scale M, which is 
graduated to read vertical heights, directly. 

Iho specimen is usually of about J inch or 12 millimetres 
diameter, and is supported upon knife-edges 4J inches or 
114 millimetres apart. A simple form of spring mechanism 
is provided for keeping the specimen stationary during the 
period of the blow. 



The number of blows required to fracture the specimen is 
taken as a comj)arative measure of its shock-resisting qualities. 
A revolution counter, to record the number of blows struck, is 
fixed to the base of the instrument. When fracture occurs, 
the specimen falls away, and the hammer head drops on to a 
steel stop pin, tripping an electric switch on the way, and thus 
cutting off the electric current to tlie driving motor. 

The Eden-Foster Repeated-Impact Machine. 

t 

In this machine,* which is shown illustrated in Fig. 11.'), 
the notched or grooved specimerl is struck by means of a freely 
falling vertical hammer, and, as in the case of the machine 
previously described, is rotated through 180“ between the 
blows. 

* Manufactured by tlio foster Instrument Company, Letebworth, Herts 
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The illustration in Fig. 115 gives a general idea of the ex¬ 
ternal appearance of the inachino. The whole of the mechanism 
i.s secured to and supported by the main casting, which also 
acts as cover to the tank or box ea,sting. Projecting through 
the side of the tank, but not seen in the illustration, is the 
iiiain spindle. This may be driven by a Tinch belt from any 



Kia. Uo.—T hk Edkn-^''osteh Impact Machine. 

convenient countershaft, or alternatively by an (ilectric motor ^ 
with suitable gear or worm reduction. The power required 
is about iV horse-power. • 

The main spindle carries a dog clutch normally in engage¬ 
ment and driving a cam. A roller bears on the upper surface 
of the cam, and is attached to the lower end of the rod H. It 
is guided so that it rises and descends at each rotation of the 

I. la 
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cam. Fixed on the rod H is an arm J which engages with the 
lower face of Eie hammer M : thus, when the rod H rises, 
by rotation of the cam, the hammer M is also lifted. The 
hammer slides freely between two sots of three-joint guiding 
screws, these screws being carried by the two castings seen 
attached to the standard 0 and its fellow on the opposite side. 

Mounted upon the standard G is a sleeve IF, free to rotate 
about the standard, but normally held in a fixed position by 
the .spring L. Clamped on the sleeve IF is an adjustable 
catch K. ' As soon as the arm J has lifted the hammer M 
sufficiently, the spring L causes a partial rotation of the sleeve 
IF, so that, when the arm J again descends, the hammer is 
held by the catch K. ■ The further descent of the arm ■/ brings 
its lower inclined face in engagement with the roller arm N, 
attached to the sleeve IF, in such a manner that the catch K 
releases the hammer if, allowing it to fall upon the test 
piece O. 

The test piece, whose size and di'tails are further discussed 
below, is carried by two hardened steel bushes in the Plummer 
blocks PP. It is rotated through ISO’’ betweam successive 
blows. One end of the test piece is slotted to engage with a 
universal joint drive, and is ke])t in engagement by a screw R. 
The universal joint is driven, through a free wheel and clutch 
T, by the chain S. One end of the chain is attached to the 
roller, bearing on the cam already described, and the other end 
carries a weight suitably guided; the rotation of the test piece 
begins and ends entirely between the successive blows. 

The revolutions of the test pi/«e are recorded by a counter 
F, and, of course, the number of blows is found by multiplying 
the counter record by 2. When the test piece breaks, it 
•comes in conlact with an arm X, and thereby trips the clutch 
and .stops the machine. The (,ank is partially filled wdth oil 
to provide efficient lubrication of the cam and other surfaces. 

The hammer M is shod with a tup of hardened tool steel. 
The height of the drop depend* on the position of the ad¬ 
justable catch K on the sleeve IF, and may be varied from 
about 1 to 4J inches (25 to 113 millimetres). To allow a wide 
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range of tests, two hammers are provided, weighing 5 and 2 
pounds (2-20 and 0-01 kilogrammes) respective^. 

Using the S-pounds hammer the main spindle may be driven 
at any speed up to about 60 revolutions, or with the 2-pounds 
hammer up to about 90 revolutions, per minute, giving 60 
and 90 blows per minute respectively. 

The machine is adapted for test pieces of dimensions similar 
to those adopted by Dr. Stanton; these are illustrated in 
Eig. 116. It will be seen that a V-notch is cut in the region 
of impact to localize the stresses. The angle at ^he bottom 
of the V is 90’, and is made as sharp as possible. As an alter¬ 
native a semicircular groove, as .shov\'n in If'ig. 116, B, may be 
used, and such a groove appears to offer several practical 
advantages over the V-groove. Kefi'rring to Fig. 116, A, it 
may bo assumed that the action of the hammer, when it falls 
upon the test piece, is to produce a very slight but sudden 
bending at the section of smallest diameter—that is, at the 
bottom of the groove, as indicated diagrammatically in 
Fig. 116, D. This will juoducefan area of compression at .1, 
and w'ill tend to start slipping between the crystals, due to 
tension, at B. Of course the process is reversed at the next 
blow, because the test piece has been turned through 180“ in 
the meantime. 

It will be admitted that it is quite impossible to turn a groove 
having a true geometric angle; there must be some minute 
curve at the bottom of the groove, 'rhe size of this curve will 
determine the axial extent of the regions of compressive and 
tensile stresses. Since this size is in any ease very small, with 
a nominally sharp V it is obvious that the variation between 
the size of curve in different test pieces will be relatively large, 
and will tend to introduce an element of uncertainty into th"!) 
test results. It may be argued, in addition, that since no 
capable engineer would design a machine with a sharp re¬ 
entrant angle, the conditions of test are largely artificial. 

Another shape of sample has been proposed, as shown 
in Fig. 116, C, having a relatively large portion of reduced 
diameter, but this is not advi.sed. The end of Ihe tup of the 
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hammer, being a piano surface, will bear upon the test piece for 
a considerable length parallel to the axis of the test piece, 




Flu. 116 . 


and it is probable that, owing to the minute bending of the 
test piece, the local stresses at the ends of the area pf contact 
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are greater than at the plane equidistant between the points 
of support—in fact, it has been found that v^ith test pieces of 
this shape fracture will begin at the point coinciding with tlie 
end of the area of contact between the tup and the test piece. 
There is a further disadvantage that the action of the blow 
will distort the (Toss-.section of the material at the plane of 
fracture. 

The results of te.sts upon mild steel specimens .showed that 
the results were more consistent with semicircular than with 
V-grooves, the number of blows for fracture in Wie one ease 
varying from 410 to .'>90 for different radii of groov'es, and 
from 8 to 200 for the .same V-groove. For the .sanu! radius of 
groove (viz., O-OG in<!li) tlui variation was from 548 to 590. 

Spring Testing Machines. 

For statical tests of s})rings of difTer('nt types machines of 
very simple de.sign are now available, these, in general, consist 
of a screw or hydraulic loading (h'vice and a weighing apparatus 
similar to that emjdoyed upon tensile-testing machines. 
Means are provided for running on the load, usually by means 
of belt-driven pulleys and gearing, a?id gauges are fitted for 
indicating the deflections of the springs. Fig. 117 shows a 
typical form of static spring testing machine suitable for 
compression and tension springs of all kinds including s|)iral 
and laminated leaf springs of railway' and jiiotor-car type. 
Th<' load is applied by fneans of a squariothreaded screw, 
prcjvidcd w'ith a level gearing, belt-driven, a ball-bearing thrust 
washer being provided to tjike tlu' thrust of the screw. The 
delloction is measured by the movement f)f’the screw itself. 

T he machine illustrated can be adapted to fatigue or shock 
tests by the provision of a belt-driven haminer action up«n 
the spring whilst under an ijiitial static load. 

Machines have also been devised for testing springs with 
repeated load.s, similar to those experienced in practice. 
This mode of testing springs is undoubtedly the more useful 
one, as it reveals the fatigue jiroperties of the material and 
spring design qualities. 
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Fig. illustrates a convenient repeated loading spring 
testing machine made by Messrs. Biickton and Company. 
This type is made in sizes for maximum loads of 12. 25, and 
35 tons resj)cctively, the corresponding movements of the 
reciprocating ram bcitig 20, 22, and 22 indies respectively. 

The maximum lengths of laminated springs provided for 
are 00, 00, and 110 inches respectively, and the maximum 
heights of same 30, 34, and 34 inches respectively. Coil 
.springs can also be tested in tliese machines. 



* 

Fic.. 117. —The Bui.hv Srmxc Testinc Machink. 


The load is a])|)Iicd to tiie sprjag by moans of a po\V('rful 
reciprocating rain, adjustable for position and h'ligth of stroke 
and actuated by a crank disc which is supported round the 
whole of its p*eriphery. This disc is driven by means of a 
worm wheel of large diameter an^l a case-hardened steel w^irm 
from self-contained belt pulleys, a heavy flywheel btang em¬ 
ployed in the larger machines. A friction brake is provided 
for (juiekly stopping the machine. The weighing arm is fitted 
with roller carriages for supporting the ends of the laminated 
springs, and is provided with a wedging mechanism by means 
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of which its knife-edges may be relieved of the load during a 
repeated loading test. An indicator is provided for showing 
the exact length of stroke of the reciprocating Vain. 


Fabric Testing Machines. 

For the purpo.se of making accurate te.sts ujion cotton and 
woollen fabrics and similar materials it is neccs.sary to 
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• 

a])|)lv the load at a given rate, and to know the value of the 
load, and tlu' extension of tlm specimen at any moment 
during the test. 

The Avery* testing machine, which is shown illustrated in 
Fig. lib, is very convenient for making tests upon fabrics 
* Mamifacluivcl by Mosarn. W and T Avory, Ltd , Birminjiham 
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Fio. 119. —The Avery Textile Material Testinq Machine. 
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of all kinds. In this machine lead shot is allowed to flow from 
the upper cylindrical receiver, supported on t^}e fixed framing 
of the machine, into a receiver upon one end of the weighing 
arm. Gearing, hand operated, is provided for taking up the 
elongation of the specimen, and for balancing the load due to 
the falling shot. 

Iho sp(!cimens accommodated in this machine can vary in 
length up to 28 or 30 inches, and in width up to (1 inches; 
they are held in corrrugated gun-metal damps* by means of 
two milled clamping .s<u'ews, and a universal joint is provided 
between the ujipor (damp and the weighing arm lever. 

I he weighing .sy.st(mi consists of a main lever and a steel¬ 
yard, both of which are of mild .st('el. fitted with bearings 
carried on the main standard. 

The steelyard is graduated at both baclc and front. 'J'hc 
front graduations range from zero u|) to 200-pound by 1-pound 
divi.sions. The graduations at the back of tlie .steelyard range 
from zero up to 40-pound by !-])ound divisions. The front 
graduations are for us(' when the machine is arranged with 
compound levers. 

\Vh(>n more exact readings are reipiinal for smaller speci¬ 
mens, the weighing system is turned round upon the standard 
.S(3 as to bring the rear knife-edge of the steelyard directly over 
the specimen. 4’he steelyard them acts as a single lever, 
and the back graduations are us(>d. 

'file end of the steelyaW is fitted with a hardened steel 
knife-edge, from which a reciaver can be suspended. 

A spring balanei' is inter|»osed between the receiver and the 
steelyard, the dial of which is graduated to’the maximum 
load— i.c., up to 1200 jround.s, by divisions of 5 pounds, and 
240 pounds, by subdivisions of 1 pound, ri'spectively. This 
enables the operator to read the approximate load on the 
siiecimen during the test. An ujiper reservoir is carried by the 
main .standard, and lino shot is allowed to flow from this to the 
receiver. A graduated slide is inserted in the down tube to 
the reservoir, and is arranged to regulate the rate of flow of 


• See Fig. 80, p. 182. 
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shot, so that the load is applied to the specimen at 500 pounds 
per minute, or as required. 

A cut-off arrangement is provided by which the flow of 
shot is automatically cut off when the specimen breaks. This 
is operated by the steelyard when it falls to the bottom of the 
carrier. A baffle arrangement is also fitted to a bracket 
attached to the main frame. This diverts the flow of shot into 
a supplementary receiver at the side of the machine, whilst the 
steelyard is falling from its horizontal position towards the 
bottom of the carrier, thus preventing any increase of the 
strain until the steelyard is raised by taking up the elongation 
with the handle. 

The baffle consists of a swinging portion, pivoted upon a 
bracket attached to the standard and balanced in either 
direction. A connecting-rod between the steelyard and the 
baffle causes the latter to sw’ing with the rise and fall of the 
steelyard, thus diverting the flow of the shot over the dividing 
ridge of the fixed baffle either into the weighing or the sup|)le- 
mentary receiver. When the steelyard reaches the bottoin 
of the carrier, the cut-off arrangement is operated, completely 
shutting off the shot supply. 

The object of the stretch balancing gearing is to enable the 
operator to take up the elongation of the specimen as the 
strain increases, so that the W’eighing system is kept in equili¬ 
brium. 

It consists of a hand wheel gearing through bevel wheels and 
change gearing to a rotating nut which moves the .straining 
screw in either direction. Two spindles are fitted, and the 
hand wheel ca.n be fixed to eitlier at will. A set of change 
wheels giving six different speeds is provided, the maximum 
and minimum being in the ratio of 36 to 1. 

The method of making a test is as follows: The specimen 
being connected to the holders, ttie shot is allowed to flow from 
> the reservoir into the receiver, and the elongation taken up 
with one of the changes of gear, thus keeping the steelyard 
floating index midway in the carrier. For low capacities a 
quick speed is used for the strain, and the weighing apparatus 
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is turned round, so that the steelyard can be used ah a single 
lever. The maximum load in this arrangement is 240 pounds. 
For high capacities a slow speed is used, and the main lever 
and steelyard are compounded. 

When the specimen has broken, the receiver containing the 
shot is emptied into the can suspended from the link-hanging 
from the rear knife-edge of the steelyard, and there balanced 
by means of the loose proportional weights and th(^ sliding 
poise. 


Hardness Testing Machine tor Brinell Tests. 

I’ig. 120 illustrates a convenient form of lever machine for 
making Brinell tests, which possesses certain advantages 
over the ordinary hydraulic machines. 

The specimen to be tested is placed upon the circular table, 
which is then screwed up by means of the handle .shown near 
the table, until the hardened spherical ball is just in contact 
with the specimen. The load is applied by means of a cranked 
lover, through the worm, worm wheel, and screw shown in 
the diagram, under the specimen table. 

'J’o perform a test the specimen is placed upon the ball- 
seated table, and by throwing out a latch the worm is dis¬ 
engaged, thus allowing the worm wheel, which presses against 
a ball race, to be used as a hand wheel to quickly bring the 
specimen into contact with the ball; the latch is then thrown 
in and the worm engaged, load being applied by moans of the 
cranked handle. 

With the poise weight u}3on the beam set at either the 
.'iOO-kilogramme or 3000-kilogramme position‘upon the scale 
of the steel arm, when this load is reached the beam raises 
in a gate, which is made “ open ” so that there is* no possibility, 
of the arm striking a top stop and thereby increasing the load. 
Pressure is then released and the specimen removed, the 
diameter of the impression being measured with a microscope, 
and the corresponding hardness number found from tables 
supplied. 

In the hydraulic instrument a small hand pump supplies 
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oil pressure to the hardened ball plunger, and when the load 
is either 500 kilogrammes or 3000 kilogrammes, the oil pressure, 
acting upon a small accurately ground })lunger, raises a corres¬ 
ponding weight* until it ‘‘floats”; an hydraulic pressure 



Fia. 120. —1'he Riehle Bhineu, Hauuness Testing Machine. 

gauge is usually ])rovi(le(l for giving a rough idea of the load 
upon the ball plunger. The lever form of machine is more 
simple and convenient to use, and can be readily calibrated. 

* Tlio ratio of the weiglit upon this plunger to the standard HOO-kilo- 
gramme or IlOOO-kilugranunc weight will bo as the respcetive areas of the 
ball and floating jilungers. 
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Machines for Testing Bearing Metals and Oils^ 

Special testing machines for determining the relative and 
absolute frictional and wearing qualities of white metals, 
bearing metal alloys, and oils, are now in fairly wide use, and 
it is possible to ascertain the wearing, frictional, and heating 
properties of bearing materials with them, under rlifferent 
conditions of pressure and rubbing speed. 

In the case of a bearing metal it is necessary that it shall 
be able to withstand high bearing ])resstires at high rubbing 
speeds with the miTiimum of wear, and shall po.ssess as low 
a coefficient of friction as pos.sibhy this latter condition 
ensures a tuitiinium expenditure of power in overcoming bearing 
friction. It is also necessary that the heat conductivity of the 
material shall be high, in order to conduct away any heat that 
may bo generatcal, apart from considerations of oil-supply. 

Eig. 121 illustrates a convenient form of testing machine 
designed by Professor R. H. Thurston, and made by Sir 
W. H. Bailey and Company. Referring to this diagram, it will 
be seen that the machine is of the pendulum type, the weight 
of the pendulum llj coming upon a bearing of the material 
to be tested, an independent shaft A through the bearings 
being belt driven by means of the pulley's B. The bearings 0 
are s 2 )lit through their centre, and [U’e.ssure is ajii^lied to the 
brass cajjs J) by' means of the spiral conqwession spring L, 
the amount of the ju’essure being rt'gulated by means of 
the nut /. It is arranged that equal jiressure is api)lied to 
both sides of the bearing by' making the lower end of the sjaring 
act on the yiendulum casing and thence upon the iqiper bearing, 
whilst the upper end of the spring acts directly upon the lower 
bearing. An indicating scale N shows the total bearing ' 
l)ressure, and, for standard be/irings, the pressure per square 
inch. 

The effect of bearing friction, when the shaft is running, 
is to tend to carry the bearing and its pendulum attachment 
around with it, until the moment of the displaced pendulum 
weight equals the frictional moment. 
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Thus, if ti=diameter of bearing in inches, P=total pressure 
on bearing in 'pounds, R=distance in inches of the C G. of 
pendulum from the centre of bearing, W = weight of pendulum, 
and d—wco of swing when shaft is running. 

Then Moment of Friction =/<, ’ P ' ^ pounds inches. 


And Moment of Pendulum =WR sin 0 pounds inches; 


Whence the Ooofficicnt of Friction /x 


_2WR sm P 
“ P • (1 ■ 




Fig. 121.— The Bailey-Thubston Oil and Bearing Metal Testing 
Machine. 

The pendulum arc scale can then be graduated in terms of 
the coefficient of friction for a definite load P. In the machine 
described the coefficient of friction is equal to the arc scale 
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reading divided by the total pressure (which can be read off 
the scale N). 

The temperature rise of the bearing may be read off the 
thermometer G, the bulb of which is immersed in a mercury- 
filled recess in the bearing D. 

The total number of revolutions and the rate of revolution 
made by the shaft can bo read off a tachometer or speed 
indicator X. 

In one form of Thurston tester a continuous record of the 
movement of the pendulum arc is made during a test, so that 
variations in the coefficient ol friction can bo readily followed. 
The rubbing speeds can be varied up to 73(5 feet per minute. 
In endurance to.sts it is usual to ascertain the variations of 
temperature and coefficient of friction during the period of 
the tost, and to measure the amount of wear by weighing the 
bearings both before and after the test; in each case the bear¬ 
ings are well washed in petrol before weighing. In the Cornell* 
oil and bearing testing machine, the journal measures 
3| inches diameter by inches^long, giving 7 square inches 
projected area; a maximum load of 700 pounds per square 
inch can be applied, the total load being measured by a weigh¬ 
ing arm and travelling jockey weight. The wear is ascer¬ 
tained after a run of one million revolutions at rubbing speeds 
up to 500 feet per minute 

Other Methods of Stress Determination. 

In numerous examples occurring in practice it is incon¬ 
venient, expensive, or impossible to determine the behaviour of 
certain members, bodies, or structures under loads applied 
in testing machines, so that indirect methods have to be 
devised. 

The method of making a scale model of the structure in 
the same material and loading same under similar conditions 
has already been mentioned, f 

• Made by Messrs. Olsen, of Philadelphia, 
f See p. 3. 
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In certain instances much useful information can bo ob¬ 
tained by makjng small-scale models of beams, struts, and 
ties, and measuring the deflections under loads and noting their 
manner of failure. 

Scale-Model Tests. 

The author has made a number of scale-model tests u]X)n 
built-up struts and aeroplane wing spars by employing good- 
quality Bristol board, and was able to predict with accuracy 
the breaking loads of the full-sized members, which were 
subsequently made and tested to destruction. From prelimin¬ 
ary direct tensile and compressive tests the ultimate strengths 
were known, and the crippling and buckling loads wore re¬ 
ferred to these values. I'he manner in which dillerent designs 
of built-up struts and beams failed was investigated, and 
places of weakness were strengthened until the maximum 
strength for weight W'as attained. It was generally found 
that in built-up sheet-metal members there is a definite 
relation between the thickness of metal and the dimensions 
of the sides or cross-section for maximum strength for weight. 
Buckling and secondary flexure occur at considerably smaller 
values of the compressive stress than the true ultimate value, 
and in such cases, where the thickness of the walls or sections 
is not sufficient, the ordinary methods of calculating working 
stresses do not apply. t 

The Strain Method. 

The stresses in certain complex structures may often be 
deduced from measurements of the strains in different direc¬ 
tions when loads are applied. An example* of the principle 
involved is illdstrated in Fig. 122, which shows the values of 
the stresses at different distances from the neutral axis of a 

V 

rolled-steel I beam under load, as deduced from extensometer 
measurements of the stresses. In this case the bending 
moment was uniform over the length of beam investigated, and 

♦ From “The Moaeurements of Stresses in Materials and Structures,” by 
E. G. Coker, Cantor Lectures, 1914. 
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the stresses were within the clastic limit. The value of the 
elastic modulus for the steel used was 3-1 ^10^ pounds per 
square inch; obviously this method is only directly applicable 
to materials obeying Hooke’s law of elasticity, unless the 
stress-strain relation is known. 

The strain method has been applied to determine the stresses 
in bridges, ships, boilers, and in similar cases; in all such cases 
it is necessary to measure the strains over as short a length as 
possible, otherwise the average stresses deduced will be the 
values over a distance. 

h’or complex structures and for surfaces of various shapes, 
such as boilers, it is often convenient to use mirrors attached 
to the surfaces, and to arrange for their angular changes to be 



measured by means of reflected rays of light moving along 
a scale, or by telescopic observation; strains should be measured 
in at least two dilTerent directions. 

Another method of studying the behaviour of members 
and bodies under load is to make a scale model in india- 
rubber, and to measure the strains in different directions 
under load; it is well known that the distributions of stress 
in different elastic bodies of similar shape are the same within 
the elastic limits, so that the stress distribution in a body is 
deducible from that measured in a scale model of another 
elastic substance. 

When india-rubber is employed,* owing to the slowness 

• Also 800 , Vol. II., Cii.iptor X , lor the mcohiinioal properties of rubber. 

I. 16 
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(usually several hours) with which the material yields or 
recovers, suffiojient time must be allowed before the strains 
or deformations are measured. 

From measurements of the strains in the directions of the 
principal stresses—that is to say, from the values of the maxi¬ 
mum and minimum strains—the values of the principal 
stresses p and q may bo inferred from the relations— 

?J=E (Si-frCj) - - - (1) 

(/=]'] (ej-frej) - - - (2) 

where E is the elastic modulus, v is Poisson’s ratio,’" and 
and Cj the principal strains. 

In the case of flat-surfaced members the values and direc¬ 
tions of the principal strains may be obtained by marking the 
surface with circles of appropriate size before loading, and 
measuring the axes of the elliptical shapes resulting from the 
load apjflication. The surface, thus marked, niay be photo¬ 
graphed before and after loading. 

This method has been appliedf to determine the relative 
values of the stresses across a tension member having holes 
drilled in it; the effect of the presence of holes upon the stress 
distribution will be seen from Fig. 123 to be very marked. 

Near the edges of the holes the tensUc stress is greatly in¬ 
creased, and there is a transverse compressive stress due to 
the rivet resistance. 

The problem of the stress distributions in masonry arches 
and dams has been studied experimentally by means of strain 
measurements from scale models made of an easily deformable 
substance under light loads, such as rubber 

, The Thermal Method. 

Another method occasionajly employed for determining 
the stress at a given point (as distinct from the value deduced 
from the strain over a definite distance) depends upon the 
change of temperature resulting when stress occurs; within 

* Sec p. 11. 

t By Messrs. Wilson and Gore. Vide Cantor Lectures, 1914. 
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the elastic limit there is a fall in temperature which in propor¬ 
tional to the tensile stress applied and to the coefficient of 
expansion, according to the relation— 


where t is the small fall in temperature accompanying a smsjl 
tensile stress increase p, T the normal temperature (absolute) 
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Fio. 123 .—The 8tresse.s in Diuli.eii Pi.ates. 


at the spot, a the coefficient of expansion, J the mechanical 
equivalent of heat, s the specific heat at constant pressure’ 
and p the density. , 

The change in temperature is, however, very small for ordin¬ 
ary stresses, being about 0-12° C. per 10,000 pounds per square 
inch for steel, so that accurate methods of temperature 
measurement have to be used. Thermo-electric couples such as 
those of bismuth-antimony, employed with suitable galvano- 
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meters, can be made to indicate temperatures to 0 001“ C., 
and ax'e tlicrefoire generally employed for this purpose. 

Beyond the elastic limit in tension there is a more marked 
temperature rise, which, necessitates the use of a different 
temperature scale; the shear stress, moreover, within the 
elastic limit does not appear to be accompanied by any 
temperature change, so that this somew'hat simplilies matters. 
This method, which is, however, not a convenient (although 
a useful laboratory) one for commercial purposes, has been 
u.sed* to determine the stress distributions in model beams, 
girders, and joists of various sections. 

Optical Stress Determination Methods. 

An interesting optical method of determining stresses is 
based upon the discovery of Sir David Brewster’s in 1810 
that when a beam of plane polarized light is pas.sed through 
a stressed transparent jdate or body, and the beam is vicoved 
through a Nicols prism or projected through same, a remark- 
<ahle colour effect is apparent, from which the directions and 
intensities of the principal stre.sses may bo deduced. 

This method has of late years been developed and utilized 
for the solution of complex stress problems by Coker, f Filon, J 
A. R. Low,§ and others. 

The effects observed depend upon the property acquired 
by the transparent material, under load, of doubly refracting 
the light passing through it. The effects are not observed in 
the case of ordinary light, which may be n'garded as consisting 
of transverse vibrations in all planes, and in order to examine 
the effects of double refraction it is necessary to rob the light 
of all of its tj;ansverse vibrations except those in one plane 

r 

* Seo “The Measurement of Stresses in Materials,” by K. G. Coker, j>. 15, 
Cantor Lectures, 11)14, Journ. of Roy. ^oc. of Arts. 

t Engineering^ January 6, 1911; March 3, 1912; December 13, 1912: 
March 28,1913; Cantor Ijcctures, 1914. ” Photo-Elasticity for Engineers,” 

Proc. Inst. Autom. Engineers, November, 1915. 

:J: Phil. Mag.f 1912, and Proc. Camb. Phil. Soc., vols. xi. and xii. 

§ “Stress 02jtical Exjieriments,” by A. K. Low, Aeron. Journ., December, 
1918. 
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by passing the beam through an Iceland spar prism. Fig. 124, 
which is reproduced from Professor Coker’s pafjcr of November, 
1917 (reference to which is given in the footnote on p. 214), will 
serve to briefly explain the principles involved. 

The beam of light is caused to pass through a prism of 
Iceland spar A, cut in a particular manner; this prism polarizes 
the light—that is, it allows only those transverse vibrations 
parallel to its printajjal plane to pass through it—so that the 
emerging beam B lias transverse vibrations in one plane only. 
C denotes a piece of transparent material stressed in its plane, 
which is normal to the beam of light, and the cITec^of passing 
a beam B through such a plate is to divide it up into two 
plane polarized waves D and E, which have the .same directions 
as those of the principal stresses in 0, but which differ in jihase 
by an amount which is proportional to the difference between 



124.—Tim PiiiNcirLE of the Oftk al Method of Stress 

llETERMIXATION. 


the principal stresses p and q, in the transparent stressed 
material, to the thickness of the sfressed jilane, and to the 
particular material employed. In order to observe the optical 
clfects of these two mutually perpendicular transverse wave 
systems, a second polarizing prism F is employed, having its 
principal plane at right angles to that of A. * 

The interference effects of the two wave systems D and E 
are then observable by the increased intensity of the light at 
some places of the stressed^platc and by the decrea.sed in¬ 
tensity of other places, when a beam of unicolourcd light is 
used. When the stressed plate is viewed with ordinary white 
light, the mutual interference of the waves D and E, after 
passing through the polarizer P. is evident in the marked colour 
effects seen over the stressed specimen. 
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The dark spots produced when the specimen is viewed 
through a polarjzer occur at places whore the directions of 
principal stress correspond to the principal planes of the 
polarizers A and F. By rotating the mutually at right angles 
combination A and F the whole specimen may be mapped 
out into a series of dark spots or linos, denoting the positions 
of the axes of principal stress for the whole of the specimen; 
in this manner the principal stress directions can bo obtained 
for the stressed specimen.* 

This method of ascertaining the stress distribution has been 
shown to give reliable results when the elastic, properties of 
the transparent material are similar in effect to those of the 
metal to bo investigated. For metals such as steel and iron, 
which vary from the elastic to the plastic states when stressed 
beyond the elastic limit, nitro-celluloso is a good optical 
material. J<'or brittle metals, such as cast iron or hardened 
steels, glass is suitable, as it possesses similar elastic properties. 

This optical method has been successfully applied to the 
experimental solution of the problem of the stresses over a 
drilled plate tested in tension, to the stre.sscs in loaded hooks 
and rings, the stresses in loaded crank-shafts, to the distribu¬ 
tion of stress in a large compression block loaded over a 
relatively smaller definite area, and in the design of the eye¬ 
pieces of tension members or stays, f The reader is referred to 
the original papers for a full account of these interesting 
experiments, the results of which throw much light upon 
hitherto obscure problems. 

Fig. 125 shows the values of the tangential stresses at the 
boundary lines of a drilled flat plate tension specimen obtained 
by the above method; the height of the ordinates normal to 

• The actual values of the stresses may be determined by eomi)aring 
the observed colour intensities with these of a strij) or block of similar 
material under simple tension or compression of known amount, placed 
alongside the member in que.stion, and viewed with the same optical 
apparatus* 

t AUo to the problem of the determination of stresses in aeronautical 
structures. “Stress Optical Experiments,” A. R. Low, Aeron. Journ., 
December, 1918. 
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the boundaries is proportional to the tangential stress occur¬ 
ring there. The marked increase in tensile stress in the 
vicinity of the section through the hole perpehdioular to the 



12.').—Tangential Stresses in Diui.i.ed Tension Member. 


line of pull will bo noted, and also the compression stress at 
the top and bottom of the hole. 

Fig. 126 shows the linos of the principal stresses in the pre- 



Fio. 126 .—Principal Stresses in Drilled Tension Member. 


coding case, as mapped out by the optical method described; 
it will be seen that the linos approach one another at the 
minimum section, and that they are also spaced unequally. 
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Where the* lines are close together there is a higher intensity 
of stress; for example, at the boundary of the hole. It will be 
noted that everywhere the two sets of stress lines are mutually 
normal, wherever they intersect. 

Eig. 127 shows the stresses at the fillets of a loaded crank¬ 
shaft obtained by the optical method, the intensities of the 



Fig. 127. —Stresses in Crank-Shaft Fillets. 


stresses being found by i)lacing a tension member aercjss or 
along the contour and loading it until a black field is produced; 
this is an indication of the stress equality in the two members. 
The two sets of'lines, or curves, shown in the diagrams arc 
for a single and a double load, respectively; the values of the 
maximum stresses at the two places shown are greater than 
those calculated upon the ordinar;^' beam assumptions. 


('hapt]<:ji IV 


THE METALLOGRAPHY OF FERROUS MATERIALS' 
Iron and Steel. 

Tun present eonsiderations will be eliielly confined to the 
actual commercial propertit« of the ferrous metals, and to 
tlieir lieat treatmetits and jirocesses; it is not proposed to 
go into the questions of the metallurgical and chemical opera¬ 
tions connected with th(' extraction and smelting of the ores, 
methods of productif)n and derivation of the metals, anil 
similar operations, but rather to consider the constitution and 
properties of the resulting products from the point of view of 
the application, treatment, and ti sting of sami'. 

Classification of Ferrous Metals. 

It is of cs.sential importance to distinguish between the 
three principal products derived from iron ores—namely, 
wrought iron, .steel, and cast iron. 

Wrought iron,* as used commercially, is usually defined 
as slag-bearing malleable iron, practically free from carbon, 
which does not harden appreciably when heated to a red heat 
and suddenly cooled or quenched. 

The term “ steel ” is applied to iron containing from about 
0-2 and up to about 2-2 per cent, of carbon, which is malleable 
in some one range of temperature, and which fs capable of 
hardening by heating and quenc^hing; it may be cast, initially, 
into a malleable mass (as in the case of cast steel). 

Steel also includes iron alloys containing carbon, with other 
elements, such as nickel, manganese, tungsten, chromium, and 
vanadium, which fulfil the conditions above defined. 

* For fuller particulars of its properties, see p. 289. 
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Cast irdn is non-malleable iron containing much carbon, 
usually from about 2-2 to 5-0 per cent., and which does not 
harden appreciably when heated and quenched. 

Malleable cast iron* is a malleable iron obtained by treating 
oast iron without fusion. 

The following table, f represents in convenient form the 
generally accepted classification of ferrous metals: 


TABLE XLllI. 

Cr.AS.SIKlOATION OF StEET.S AND IEONS. 



C<ni((H>7{7tq very bide 
Carbon [les^ than 
about 0d3 per cent.). 

Containing an inter¬ 
mediate <iuanlity of 
Carbon {from about 
0-3 to 2*2 }ipr cent.). 

Containing much 
Carbon (from about 
2*0 to 5*0 per cent.). 

Slag-bear¬ 
ing or Wold 
Metal Series. 

Wro7ujht Iron. 

V u (Idle (1 and 
bloojnary, or char¬ 
coal hearth iron be¬ 
long here. 

Wdd Steel. 
l^uddled and bli.s- 
tor.stf'el belont: hen*. 


Slagless 

<»r 

Ingot : 
Metal 

( 

Low-Carbon or Mild 
Steel {sometme.<i 
called Inqol Iron). 

May bo cither 
Bes.seiner, open 

hearth, or crucible 
steel. 

fla/f flardand Ihgh- 
Ca/bon Steel (some- 
called ingot 
Steel). 

May be either 
Bessemer, open 

hearth, or cnieible 
steel. Malleable 

cast iron also often 
belongs here. 

Cast Iron. 

Normalcastiron, 
‘‘wa.shed metal,” 
and most “ malle¬ 
able cast iron” 
belong here. 

Senes. 



. Uloi! SteA.'i. 

Nickel, mangan- 
(*se, tungsten, chro¬ 
mium, and vana¬ 
dium steels belong 
here. 

Alloy Cast lions. 

.S])k'geleisen, 
feno - manganese, 
and Hilieo-spiegci 
belong here. 


Microscopic Examination of Metals. 

There are three principal methods J of examination of metals 
now in vogue—namely: (1) The Mechanical Test Method; 

* See Chapter V. 

t “Ency. Brit.,” 10th edition, vol. ix., p. 571. 

J As distinct from the X-ray method described on p. 254. 
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(2) The Chemical Analysis Method; and (3) The ‘Metallo- 
graphic or Microscopic Structure Examination Method. 

The first of these methods has already been dealt with in 
the preceding chapters; the second one belongs more to the 
domain of chemistry, and is based upon the results of analyses 
of metals; the latter method comprises an actual microscopic 
examination of the structures of the metals. 

Each method has its own sphere or fit^ld of usefulness, and 
in a large number of cases the methods arc interrelated; for 
example, it is well known that the mechanical properties of 
metals and alloys depend upon their chemical composition. 
Apart from the chemical constitution, it is also of great impor¬ 
tance to know the manner in which the chemical elements are 
combined among th(>mselves, for inctals of the same* chemical 
composition often differ widely in their mechanical properties; 
for example the properties of a given cast steel vary consider¬ 
ably with its mode of heat treatment, the hardening and 
tempering processes. 

It is here that metallography plays an important part, for 
it enables the actual structural constitution of the metals to be 
studied in detail, and affords oxj)lanations of hitherto obscure 
facts. For example, tin; causes of failure or fracture of metals 
under the action of stresses can bo readily detected, oven when 
there exists no knowledge of these stresses; or, again, the exact 
effects of such processes as heating, hardening, and annealing 
upon the arrangeuHint of the particles constituting the metal, 
and upon the subsequent strength of the metal, can be definitely 
stated. 

Defects in metals due to incorrect heat treatment, over¬ 
heating, excessive rolling or drawing, foreign matter, over¬ 
strain, and other causes, can be readily detected without^ 
the employment of expensive chemical and mechanical 
methods. ’ 

Further, the effect of different amounts of carbon, phos¬ 
phorus, and sulphur in cast iron and pig iron can be readily 
examined, in reference to the constitution of the resulting 
metal. 
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Preparation o! Specimens for Microscopic Examination. 

In the case o* metals which have failed in actual use, the 
specimens should be obtained as near the fracture position as 
possible. 

It is often useful to make a preliminary visual examination 
with the aid of an ordinary pocket lens, in order to trace zonal 
lines, places of growth of the fracture, slipping or relative 
sliding, and to determine whether the fracture is coarse or 
finely crystalline. 

The specimens, which should measure about 1 inch .square 
and J inch thick, must bo cut in two directions mutually at 
right angles. 

These specimens arc next polished in a series of progressive 
steps, commencing with a file or by initial flat grinding, followed 
by coarse emery paper, smoother emery, and so on, down till 
the finest 0000 paper is reached; the next stage of fine polishing 
is then usually followed with the aid of a wheel covered with 
two layers of thick khaki cloth, with a layer of diamantine or 
similar polishing powder between, using a securing ring to hold 
the layers together. The specimen is then held against and 
moved across the wetted surface of the cloth w'hilst the w’hoel 
rotates at about 1000 r.p.m.; the pressure upon the speciimm 
is gradually reduced until a satisfactory polish is obtained. 
Hard metals are more ea.sy to polish than soft metals, which 
are .sometimes cast upon glass or mica sheets, instead of polish¬ 
ing. Special polishing machines, such as the Stead machine, are 
now available for this purpose; but hand jiolishing, if done 
properly, gives excellent results, 

The specimolis can now be directly examined under a 
microscope with objectives giving a series of magnifications 
fcom about 20 up to 2000 diameters, for the detection of 
impurities such as slag, porosities, sulphides, etc. 

For the examination of the constitution of the metal it is 
necessary to employ special etching reagents, each depending 
upon the nature of the constituent it is required to investigate. 

The principle of most etching reagents is that they act as 
solvents, attacking certain of the constituents of the metal 
more readily than others, or that they refuse to attact one 
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or more of the constituents, thus leaving those in “ relief,” or 
that they dissolve away the joints between adjacent grains or 
crystals. In some cases the reagent colours one of the consti¬ 
tuents differently from the others. 

The etching reagents of the solvent type employed include 
nitric acid, sulphuric acid, hydrochloric acid, alcohol solutions, 
ammonia, sodium hydrate, etc. 

For example, the structure of pearlitc in steel may bo de¬ 
veloped by using an etching reagent of 5 per cent, picric acid in 
alcohol; whilst the difference between brittle and non-brittle 
steels can be readily detected by using a 4 per cent, solution of 
nitric acad in iso-amyl-alcohol.* 

Another method of preparing polished specimens is known 
as the “ polish attack ” one, and consists in polishing upon a 
piece of wet parchment, held on a piece of wood, and moistened 
with a 2 per cent, solution of ammonium nitrate; precipitated 
chalk is also used to facilitate the polishing process. An 
aqueous extract of liquorice-root is also employed for the polish 
attack method, which has been successfully applied to the 
examination of steels for eementite, pearlitc, sorbite, marten¬ 
site, etc. 

The method of “ bas-relief” polishing consists in ijolishing 
upon a soft ground, such as leather, cloth, or rouged parch¬ 
ment, so that the softer constituents wear away and the harder 
ones stand out, jwlished in relief. This method yields good 
results in the detection of troosite, martensite, and pearlite. 

Another method, known as “ heat-tinting ” depends upon 
the fact that the different constituents when heated become 
differently tinted or coloured, the more oxidiz'nblo ones being 
coloured by the oxide tints. This method has been largely 
used by Stead, and is employed for detecting tlie presence of 
sulphur and phosphorus in irons and steels. 

X-Ray Examination of Metal Structures. . 

An interesting and, at the same time, very important 
method has recently been developed, and has been adopted by 

* For fuller particulars of various etching solutions and methods see 
“The Microscopic Analysis of Metals,” pp, 114 and 134, by F. Osmond 
and J. £. Stead. 
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several of the loading Continental and American engineering 
firms, for examining the strnotnre of metals by means of a new 
type of X-ray apparatus.* 

With this system it is possible to detect flaws in a steel block 
of 4 inches thickness as small as inch in diameter, and to 
photograph the internal structure of component pieces, such 
as sparking plugs, engine cylinders, shell fuses, etc., with the 
accuracy of a draughtsman’s drawing. It is also 2 )ossible to 
detect diiferoncos of , jj-j, inch in mica insulators. The most 
imjjortant aj)jilication of this system, however, is in connexion 
with the examination of metals, the detection of air bubbles, 
flaws, blowholes, and similar defects in castings, f 

The method adopted einjiloys a new tyjio of vacuum tube 
invented by Dr. Coolidge, which jiossesscs a vacuum about 
1000 times greater than the ordinary X-ray tube, and which 
requires a working voltage uji to about 250,000 volts, associ¬ 
ated with a current of only from 1 to 3 milliampcrcs. 

The iirinciiilo of the Coolidge tube is somewhat similar to 
that of the wireless thermo-valve; the ordinary X-ray tube 
discharge is increased to a considerable extent by making tlie 
cathode of a siiiral of tungsten surrounded by a sleeve of 
molybdenum so as to focus the cathode stream. W’hen the 
tungsten cathode is heated by means of a battery a stream of 
negatively charged electrons is omitted, the intensity of wliich 
can bo regulated by means of the heating device. The anode 
during the exjiosure becomes very hot, and for rapid work it is 
necessary to have a water-cooled anode. 

The method of W'orking is a ifliotographic one, the object 
to be examinetl being ^ilaccd beneath a jihotograxihic jilatc, 
and the X-ray beam directed through the metal object from 
'the oiiposite side. By means of a special intensifier screen the 
oxiiosure ordinarily necessary can bo reduced by from !)5 to 
96 per cent. The ordinary rate of working is such that it is 

♦ For fuller particulars vide tlie L'rocecdmgs of the lldntgon and Faraday 
Societies, April, 1019 et neq, and “The Examination of Materials by 
X*Ray»,'' Engineering^ May '2, 9, and 16, 1919. 

t This method is now employed for the internal examination of aircraft 
timber parts, such as glued or taped spars, plywood, hollow-members, etc., 
and for welded joints, etc. 
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possibl(! to make sixty radiograjjhs in a quarter o/ an hour; 
but very stringent precautions have to be tak^jn to protect ttio 
operator from “ X-ray burns.” Ho is placed in a special 
cabinet thickly lined with lead, and in another room the a 2 ii)a- 
ratus (also enclosed in a thick lead case), is placed. 

Constitution of Ferrous Metals. 

The results of microscopical examination and chemical 
analysis have shown that most metals have a constitution 
resembling the igneous and metamorphic rock.s,* con.sisting 
of an aggregation of ndnute crystalline fragments or ^xarticles 
of two <.)r more elonumts or substances; c'ach [)article has a 
definite entity, chemical composition, and physical i>roperties; 
tlmre arc, further, different structure arrangements in different 
metals, corresponding, in the case of roclcs, to the granitic, 
obsidian, seJiistose, and other tyj)es. 

It has also been conclusively demonstrated tliat the consti¬ 
tuents of metals and alloys behave in a similar manner to those 
of liquid solutions; for exam|)le, steel (sjntaining le.ss than O-l) 
per cent, of carbon, and at a t(im|)erature exceeding 700'’ F., 
is a homogeneous solid .solution of iron carbiih' (Fe.|(!), known 
as Cementite, in an allotro 2 )ic form of iron. When this .solu¬ 
tion is .slowly cooled down it deposits 2 nire iron, until at a 
certain tem 2 ierature —namel 3 ’, at about 070'’ (f—it solidifies 
into an ” euti^tic ” or metallic mixture having a defuiite 
composition. If the original molten steel had consisted of 
more than 0-S) 2 ier cent, of carbon the iron carbide would have 
solidified first, as cooling occurred, and at 070° 0. the “ mother 
liquor,” or 2 Jure iron, would have solidified.. The resulting 
mixture would then have 250sscsscd a different constituti(5n. 

• 

Definitions oi Constituents. 

It may bo as well, beforeq'l'occcding further with the sid)- 
jeet of solid solutions and thermal changes, to define the 
different microscopic constituents of irons, and steels which 
commonly occur. These may bo classified into six principal 

* These materials, like most metals, have been formed from the cooling 
of molten masses. 
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types and five other ones of lesser importance. The former 
series consists,, of: (a) Ferrite, (6) Cementite, (c) Poarlite, 
(d) Martensite, (e) Austenite, (/) Troosite. Other constituents, 
including Hardenite and Sorbite, have also been found. 

The second series comiwises the three allotropic forms of 
nearly pure iron, graphite, and slag. 

[a) Ferrite is the name given to what is probably pure iron 
grains or crystals, which are very soft and ductile. These 
crystals arc chiefly fragments of cubical crystals which develo]) 



Fia. 128. —Nearly Pure Ikon, showino Feriute and .Slao Inclusions 
(Dark Patches), x 100. 

around independent centres of solidification, and are mutually 
limited by roughly plane surfaces. Low carbon steels and 
wrought iron consist chiefly of ferrite. 

< Fig. 128 shbws the ferrite grains in carbonless iron, the dark 
spots being slag impurities. 

(6) Cementite. —This is a definite carbide of iron (FcjC) 
which is extremely hard, being harder than ordinary hardened 
steel or glass. It is considered to be as hard as felspar (No. 6 
on Moh’s* scale of hardness). This hardness property enables 


* Soo p. 143 
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Fra. 129 .—Steel cont.iinino about M feu Cent. Carbon, showing 
Peabute and Ce.mbntite. X 400. 



Fra. i:!0. —0-1 Carbon Steel (.Mild). Etched, x 100. 


cementite to bo readily detected and isolated by ba.s-roliof 
polishing. 

Cementite increases generally with the proportion of carbon 
present, and the hardness and also the brittleness of cast iron 
is believed to bo duo to this substance. 


1 


17 


Fig. 131.—Steel gontainino 0-40 ter Cent, (^aubon, slowing 
Pearlite and Feiiiiite. X 40<). 



■"i 


Fig. 132.—0*60 Carbon Steel, Forged Condition. Etched, x 100. 

( 

Fig. 129 shows the cenientite and poarlitc in 1-1 per cent, 
carbon steel. 

(c) Pearlite is the name given to a mixture of ferrite and 
cementite, which occurs more particularly in medium and in 
low carbon steels in the form of fine lamellse, which,are usually 
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curved and interstratified with thouse of ferrite. This mixture 
derives its name from the fact that it sho^^s, with oblique 
lighting, under the microscope the rainbow colours of the 
mother-of-pearl when the etching or polishing process has 
removed part of the surrounding softer ferrite. 

Fig. 130 shows the darker patches of pearlite and the lighter 
grains of ferrite in the case of mild carljon .steel. Figs. 131 
and 132 show the ferritic and pcarlitic stnmture of ()'40 and 
0-60 carbon steel're.spectively. 

It has been found that the j)roportion of pearlite increases 
from nothing in the case of pure carbonless iron up to 100 per 
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Pia. 133 .—Steel containinij OSI per Cent. Carbon, practicallv All 
Pearlite. x 40U. 


cent., or saturation, for steel containing 0-90 ))er cent, of 
carbon as .shown in Fig. 133; thus a 0-3 per cent, carbon steel 
will consist of about 33 per cent, pearlite, and^the rest ferrite. 
'Table XLIV. on p. 200 shows the relative proportions of 
pearlite and ferrite in carbon steels. It is,, then, charac¬ 
teristic of soft steels that they contain ferrite and pearlite, 
and that the hardness iifcreases with the proportion of 
pearlite. 

Hard steels arc mixtures of pearlite and cementito. 

In all cementation steels and steels cooled very slowly the 
eementitc aggregates in particles of the largest size, and is 
thereforepnore readily discernible. 



Fig. 131.—Steel gontainino 0-40 ter Cent, (^aubon, slowing 
Pearlite and Feiiiiite. X 40<). 
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Fig. 132.—0*60 Carbon Steel, Forged Condition. Etched, x 100. 

( 

Fig. 129 shows the cenientite and poarlitc in 1-1 per cent, 
carbon steel. 

(c) Pearlite is the name given to a mixture of ferrite and 
cementite, which occurs more particularly in medium and in 
low carbon steels in the form of fine lamellse, which,are usually 
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quenching of higii-carbon steel from a slightly higher tempera¬ 
ture than the maximum temperature of the critical interval.* 




Fig. 13.').—H/Vudenki) Aik-Hardenino Steel. Etched, x u0().» 


t 

Marten.site is found in the carbonized regions of case- 
hardened soft steels, hardened by (juenching, but with the* 
lower proportions of carbon the needles are longer and more 
definite. Fig. 135 shows the martensitio-like structure of 

* Sec p. 206. 
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FlO. 13C. -TitOOSITB AND JF (RTENSITK IN 0-43 1-Elt CeNT. CaUBON 
Steel, x SOO. 



Fiu. 136 a.—Austenite and Hardenite in 1-57 per Cent. Carbon 
Steel. Poli.sh Attack, x 800. 
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hardened air-hardening steel, and Fig. 136 shows, the chief 
characteristics of this type of structure. 

(r) Austenite is another constituent of steely obtained when 
carbon steel containing ttiore than 1-10 ]Der cent, of carbon is 
heated above 1000° 0. and quenched at about 0° C. It is 
softer than martensite, and can be scratched with an ordinary 
sowing-needle; it usually occurs as a mixture with martensite 
or hardenite. 

The amount of austenite increases with the amount of 
carbon from nothing at 1-1 per cent, carbon up to about 70 per 



Fiii. 137 .-Quenched Cahdon Steed, showinc Backohovind of Soi.id 

SOLUTIOV WITH (^IMMEXCRMENT OF DeC'OMPOSITION SHOWN JIY THE 
Ulai'K <)[•'Tkoo^ite. X 400. 

cent, at from l-O to 1-8 per cent, carbon; beyond this point it 
produces a separation of cementite, and therefore no longer 
increa.ses. 

(/) Troosite is obtained by quenching steels during the critical 
interval* or transformation period. It occurs as a slightly 
granular, almost amorphous, and mammillated structure, and 
in quenched steel (from the critical interval), it replaces the 
ferrite, and is surrounded by another constituent known as 
Sorbite. ' 

Fig. 137 shows the structure of a quenched high-carbon steel* 
showing the background of solid solution, with commencement 
of decomposition shown by the presence of troosite (black). 


» Ar. 
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Allotropic Forms of Iron. 

There are at least three allotropic modifications in the case 
of pure iron—namely, a iron, ii iron, and y iron, each of which 
has a corresponding temperature range. 

a iron is the weak, ductile, magnetic variety, stable only 
below the Ar. 2 point (Figs. 138 and 144) and is characteristic 
of ordinary wrought iron and low-carbon steel. 

/3 iron is the non-magnotic kind, and i.s believed to bo very 
hard and brittle, and is probably characteristic of certain self¬ 
hardening steels, such as the 7 per cent, manganese steel, 
and .of normal carbon steel which has been hardened by 
sudden cooling. It is stable between the Ar. 2 and Ar. 3 
points. 

7 iron is also of the non-magnetio variety, and probably 
very hard, but ductile; it is characteristic of the 25 per cent, 
nickel and 12 per cent, manganese steels, and is stable only 
below the Ar. 3 point. 

Graphite is a component of grey cast iron, being present in 
very thin flakes or laminated plates in the proportion of from 
2-5 to 3-5 per cent. When such cast iron is fractured the 
“ break ” occurs through the skeleton graphite plates; and the 
fracture therefore appears to be almost entirely gra 2 )hitic. 

Slag. —This impurity of furnace origin is practiially only 
found in the case of wrought iron, to the extent of about 0-2 to 
2-0 per cent., as silicate of iron. It gives the “ grain ” effect 
in the rolling process, and can be readily detected as irregular 
dark blotches or patches in microscopic analyses. 

The relative hardnesses of the constituents of carbon steels 
and irons has be'en investigated by Boynton,* who gives the 
values in Table XLV. on p. 265. 

•The tensile strength of pearlito itself has been .shown by 
Professor Dalby to be about 62 tonp per square inch, and it has 
also been found that the tensile strength of a pearlitic steel is 
proportional to the sum of the pearlite tensile strength and 
the ferrite or iron tensile strength. 

♦ Journal Iron and Steel Institute^ 1006, p- 287. 
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hardened air-hardening steel, and Fig. 136 shows, the chief 
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» Ar. 
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in the internal condition of the metal occur at certain definite 
temperatures, corresponding to allotropic, isomeric, or solu¬ 
tion changes, which are evident as heat absorptions or 
'■ arrests ” on the temperature-time curve. 

There arc two ty 2 ‘>os of changes which occur in the structure 
when the temperature varies at an uniform rate—namely, con¬ 
tinuous and critical (shanges; tln^ latter corresj^ond to a sudden 
modification in the normal condition betw'oen a certain pro¬ 
perty and teinjierature. On heating and cooling temperature- 
time curves such changes are rei)rescnted by discontinuity or 
the intersection of tw'o branches of tlie curve. 

The temperature scale is divided into a number of intervals 
by these critical changes, each interval corresponding to some 
internal change in the constituents; each metal must exjieri- 
ence at least two such changes—namely, those corresponding 
to fusion and volatilization, but in many instances, such as 
in the cases of iron, steel, and non-ferrous alloys, other inter¬ 
mediate points of transformation occur. 

These thermal changes are valuable imlications of the micro¬ 
graphic structural arrangements. 

Pure Iron Curves. 

When practically j)ur(> iron is hdt to cool from the molten 
state, and the tem])eratures are {dotted as ordinates at equal 
intervals of time—say, every ten .seconds—the cooling curve 
obtained will be found to resemble that shown in Fig. 13S.* 
It will be seen that there is one critical [joint at about 1530° 0, 
corresponding to solidification. 

The first “'drre.st,” known as the Ar. 3 [Joint,f occurs at 
about 860° C., and represents an allotropic transformation, 
»whilst the Ar. 2 point, which occurs at about 750° 0., marks 
another allotropic transformation or change in the material, 
accompanied by a change, with further cooling, from the non¬ 
magnetic to the magnetic condition; at each of the arrest 
points evolutions of heat occur, which correspond to a yielding 

* Osmond, “ Tile Microscopic Analysis of Metals.’* 

[ This notation is due to Osmond. 
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up of energy. The next arrest, known as the Ar.' I point, 
occurs at abotit 690° C. , 

The above example is somewliat analogous to the case of 
water solidifying into ice, and yielding uj) its latent heat of 
“ fusion ” in the process. 



The three arrest points Ar. 3, Ar. 2, and Ar. 1, are also clearly’ 
evident in the case of carbon steels containing less than 
0-35 per cent, of carbon. 

The effect of the presence of any impurities, oven in a very 
small quantity, is to lower (and often to smooth out) the arrest 
points; for example, those jicints are invariably lower for iron 
containing carbon than for pure iron. 


bCGREES CCNTIORAOE. 
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Bodies which are mixtures of several constituents will have 
several solidification points, each corresponding, as a rule, 
to one of the constituents. The inset diagram in Fig. 138 
shows the two solidification points for spiegeleisen,* which 
is an iron containing about 20 per cent, of manganese, at 
1085° C. and 1050° C. respectively. 



Fio. 139.— Heating and Cooling Curves for Stf.els 

Heating Curves - Cooling Curves 

A, Pure iron. B, High ten.silo steel G, 2,'i per cent nickel 

B, Case-hardening steel E, Air-hardening steel steel 

C, Carbon steel F, Stainless steel, H, Manganese sreel. 

When iron is slowly heated right up to its fusion point, 
absorptions instead of evolutions'of heat occur at the critical 
points; the latter, however, occur at rather higher temperatures 
(usually from about 40° to 60° higher) than the arrest points 
obtained by cooling. Fig. 139t shows the heating and cooling 
curves for the different iron and steels indicated, the full lines 
corresponding to the cooling, and the dotted lines to the 
heating, curves. 

• See also Appendix I. “ Ferrous and Other Alloys.” 
t From Dr. Hatfield’s “ Steels used in Aero Work,” Aeron. Journ.^ 1917 
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In the example shown in curve B, Fig. 139, for case-harden¬ 
ing carbon steel, when the temperature is a litlje over 700° C., 
the pearlite constituent is changed into a homogeneous sub¬ 
stance, which is a solid solution of iron carbide. This critical 
change is accompanied by an absorption of heat which is 
evident upon the temperature curve B, as an arrest point, and 
which is not shown upon the pure iron curve A. 

The magnetic change point still occurs at the same tempera¬ 
ture namely, at about 770° C.—but the allotropic change 
point, A.C. 3, occurs at a much lower temperature. 

In the case of the 0-6 per cent, carbon steel, the tempera¬ 
ture curves (C, Fig. 130) show that the U 2 iper critical 
points have been lowered, and are apparently joined up with 
the carbon change points at about 730" 0. 

In this steel the major portion—namely, two-thirds—consists 
of the constituent pearlite, and hence it would bo expected that 
the corresponding critical points to those of pure iron would be 
lowered (in tcmjxwature) and would be more marked; curve 
C shows that this is the case. 

The heat absorption, corres^Jonding to solution during 
heating, occurs at 730° G., whilst the evolution of heat during 
cooling, which is associated with the solidifying of the ferric 
carbide solution, takes place at about 700° C. 

Referring to curve G, Fig. 139, it will be seen that no critical 
points occur during cooling, or heating, over the usual range 
of working temperatures; it is for this reason that the 
25 per cent, nickel steel alloy is non-magnctic, its condition 
corresponding with the solid solution state. 

Similarly, in the case of 12 to 14 jier cent, manganese steel, 
if heated up from the imtempered state, and cooled suffi¬ 
ciently quickly, it retains the “ solid ” state and shows np 
critical points. In the tempered state an arrest point is, 
however, evident, as shown in curve H, Fig. 139, in the 
neighbourhood of the carbon change point; the cooling curve ’ 
will not, of course, reveal any corresponding critical point. 
When this type of steel is cooled sufficiently rapidly it is 
found to be non-magnetic. 
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Solidification Curves lor Alloys and Carbon and Iron— 
Eutectics.' 

It has already been stated that metals under varying 
temperature conditions beliavo in a somewhat similar manner 
to liquid solutions; this resemblance will hero be considered 
more fully. 

When a solution of salt and water is progressively lowered 
in temperature it will be found to begin to freeze at a lower 
temperature than that of water alone. If a number of such 



solutions containing different ])roj)ortion.s of salt and water 
be taken, and their initial freezing-points be plotted against 
their percentage compositions, curves similar to ME and EN 
(Fig. 140) will be obtained. 

Consider any solution, such .as represented by PQR, con¬ 
taining 90 per cent, of water and 10 per cent, salt, when the 
temperature reaches the value denoted by P —namely, 
— 9° C,—the solution begins to freeze, and in consequence of 
the ice separating out first the remaining liquor becomes 
richer in salt, thereby causing a lowering of its freezing-point 
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along the line PE, ice separating out the whole time, until at 
— 22° C., the “mother-liquor” remaining, which consists of 
about 23-5 j’er cent, of salt, freezes bodily. Similarly, if a 
solution containing more tlian 23'.') per cent, of salt, as repre¬ 
sented by the point be cooled, salt will separate out when 
its temperature reaches the value represented by and will 
continue to .separate out along NE, causing the remaining 
liquor to become progressively \v eaker in salt, until, as before, 
at —22-5°C. the remaining .solution will solidify bodily without 
further separation. 

Sifnilar phenomena occur in the case of alloys when cooled 
from the fusion point. 



t’la. 141 — CooI.INO ('CRVKS FOR Le.4D-Tin Ali.oy.s 


Lead-Tin Alloys. 

Fig. 141* represents the freezing-point curves of lead-tin 
alloys similar to bearing metals: this is a sinqile example, 
as most alloys are more complex in their behaviour. 

In the first place, it will be seen that the solidifying-points of 

* From Cantor Lectures on “Alloys,” 1807, Profc.ssor W. C. lioberts 
Austen. 
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all the alloys are lower than that of pure lead (326° C.)- Next, 
consider any alloy richer in lead—say, one containing 70 per 
cent, lead and 30 per cent, tin; it will begin to solidify at 2.50° C., 
and lead will be deposited, the remaining mixture becoming 
richer in tin, thereby lowering its .solidifying-point until, 
when the temperature reaches 180° C., the composition con¬ 
sists of about 09 per cent, tin and 31 per (;ent. lead, ami the 
whole solidifies without further selective se])aration. This 
mixture, which corresponds to the mother-liquor of tin; salt 
solution previously described, is called the lead tin evt c'.ic. 
An eutectic is usually defined as the most fusible alloy of two 
or more metals;* that is to say, it has the lowest fusion or 
molting point of any of the mixtures of the metals. 

Copper-Zinc Alloys. 

Many alloys, such, for examjde, as copper and zinc, consist 
of metals which are not solvents in each other, but which act 
as solvents for chemical compounds of the constituent metals. 

For example, near the melting-point of cop])er large amounts 
of zinc will combine with the copper to form a zinc-coi)per 
compound, which will in its turn dissolve in tlu^ fr(a' (!opper. 
For each given mixture of copper and zinc there is one fixed 
temperature at which the solid solvent is in equilibrium with 
the liquid part. At this point any further slight loweiing 
of temperature will cause solidification of the whole mass, 
whilst any heat addition will cause liquefaction. When tlu^ 
temperature is progressively lowered the copper crystallizes 
out, until at 890° C. the alloy solidifies bodily. The remain¬ 
ing metal consists of an eutectic of copper and a copper-zinc 
compound, and is analogous to the “ mother-liquor ” of a salt 
solution. It will be seen that this is not the same simple 
effect occurring in the lead-tin series. 

Many alloys, w'hen fluid, consist of several solutions, each 
of which, upon cooling, leaves a solid deposit and a liquid 
mother-liquor. These mother-liquors do not, however, com¬ 
bine, and there may therefore bo several eutectics; in the case 
• Guthrie, Phil. Mag., vol. xvii., p. 462. 



Tensf/c Sfrtfy1h(>ooofhty'n*} 
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of copper-zinc alloys there are at least four eutectic alloys, 
whilst for copper-tin there has been shown to btk six, at least. 

Fig. 142 shows the .soliclifying-point curves for copper-zinc 
alloys (or brasses). It will be observed that there are four 
horizontal branches 6, c, A, and e, each indicating the presence 
. of eutectic alloys. 



Fig. 142. -Cooling -lno Stiiengtii Property Curves for CorPER-ZiNc 
Alloys or Brasses. 

Steels. 

Fig. 143* shows the solidification, or equilibrium, curves 
for iron and carbon, the carbon varying from nothing up to 
1-6 per cent.; the ordinates corresponding to each proportion 
of carbon represent the temperatures at which, upon cooling, 
from the molten state, evolutions of heat occur. 

It has been know’n for a long time that iron can exist in 
more than one allotropicf form, and the branches A^B and 

* Osmond. 

t When a metal or element having a definite chemical composition can 
exist in several forms, having different physical properties but the same 
chemical composition, these are known as “allotropic” forms. 


18 
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A^B correspond to the allotropic transformations of iron. 
These two hranches unite at B in a single branch BE, when 
more than 0-2 per cent, of carbon is present. 



2j, SifUillllitfJJ, 

Along the branch A^BE, the solution of iron and carbide of 
ron, upon further cooling, begins to deposit ferrite, until, 
when the temperature of about 670° C. is reached, correspond¬ 
ing to about 0-9 per cent, of carbon, the remaining eutectic, 
consisting of ferrite and cementUe (or carbide of iron), solidifies 
put in the form of pearlite. 
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At tho point E a sudden evolution of heat, distinguishable 
by eye, occurs, accompanied by a temporary ex|)ansion; this 
phenomenon is known as “ reoalesccnoe.” 

The branch BE of the curve, then, corresponds to a separa¬ 
tion of ferrite, and the branch EC to one of carbide of iron 
(FcjO), or cemenlite, whilst tho nearly horizontal branch A^EA^ 
represents alternating layers of those two constituents, which 
have already* been shown to constitute pearlile, and which 
corresponds to a definite composition. This line A^EA^ 
corresponds to the temperature above which the steel begins 
to harden by quenching. 

The branch BE reiirescnts tho equilibrium curves of slowly 
cooled iron and steel, consisting of less than ()•!) per cent, 
carbon, and corresponds to mixtures of ferrite and p&irlite in 
proportions depending upon the initial carbon content. fStcels 
with 0-9 per cent, of carbon consist of pure pearlile, whilst those 
of higher carbon content contain both pearlile and cemenlite. 

Effect of Quenching Steels. 

If, instead of allowing the molten steel to cool slowly, it is 
allowed to cool to a certain temperature and tium is quenched 
in a cold liquid, tho above actions become altered, for they 
have not had time to be completed in the reduced temperature 
interval. 

The carbon in such steels partially retains the diss(jlvcd 
carbon state corresponding to the higher temperatures— 
namely, tho “ hardening carbon.” If the quenching in the 
case of a lower carbon content steel than 0-9, such as that 
which is represented by the point M in Fig. 143, occurs froiBi 
a point above the curve BE, then the restilting constituent does 
not contain either ferrite, pearlile, or cemenlite, but the needle-* 
like structure known as martensite, which corresponds to 
maximum hardness for tho given steel. 

As the percentage of carbon in the steel increases the needles 
of martensite become smaller and less distinct, but the hard¬ 
ness increases. 


* Soo p. 253. 


t See Fig. 261. 
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Above 0-!) per cent, of carbon, the effect of quenching from t 
point such as A, on the side EC of the curve (Fig. 143) i.s to caus< 
the structure to consist of two constituents—namely, austeniU 
(which is readily scratchable with a needle) and harden'te. 

If lower carbon steel be quenched from a temperature below 
HE, but above A'A, the; constituents of the chilled metal 
consist of the isolated white ferrite, separated out below HE, 
and striated murlensile. Steel containing more than 0-9 per 
cent, carbon, if quenched from a temperature such as 1‘ (735° C.) 
below EC, but above EA^, will contain both the cemcniite, which 
has s(q)arated out below EC j)rior to quenching, and inartentsUe. 

It will be .seen fi'om the examples given that the thermal 
phenomena arc assoeiated with, and often afford valuabh^ 
information upon, the subject of the, microscopical constitu¬ 
tion of metals; indeed, the hardening and tempering effects 
arc readily explained in this manner. 

Equilibrium Diagram for Iron and Carbon. 

The diagram shown in Fig. 144 is obtained by plotting, as 
temperature ordinates, the aiTest points of a very large number 
of iron-carbon alloy.s, varying in constitution from pure iron 
(C=0-00 per cent.) up to cast iron (d—o-OO per cent.), through 
the range of carbon steels. It should be emphasized that the 
curves of c(juilibrium shown corres 2 )ond with the arrests upon 
the cooling curves of these materials. One or two of the lines 
upon the diagram, however, have been obtained or confirmed 
by indirect methods. 

The line AH shows that as the projjortion of carbon increases 
from nothing to about 4-3 per cent., the melting - pioint falls 
from about 1500° C. for ijure iron at A down to 1140° C. for 
' the eutectic, or pure pig iron at B. The fusibility of cast irons 
is evident from this fact. 

The line EOH shows the effect of the single constituent solid 
solution in lowering the temperature of the metal until it 
contains 0-9 per cent, of carbon; the lines EG, GH, and HD 
correspond to the lines AJi, BE, and EC in Fig. 144. 

Below 700° C. the solid solution solidifies into pearlite or 



T£MP€^TUKE C£A/r/SPADe 
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cemontite, as indicated by the horizontal line AH./, at practically 
the same temperature over the whole carbon range. If any 
vertical line, such as XY, be drawn upon the diagram, the 
manner in which it cuts the equilibrium curve will determine 
the constitution of the corresponding carbon content steel; 
for example, in the case of XY, which corresponds to 0-6 per 
cent, of carbon, it will 'be seen that .solidification commences at 



about 14()0° 0., and is followed by complete .solidification 
where XY cubs AJ). This mass then cools down until iT 
reaches the point whore XT cuts G// -that i.s, to a temperature 
of about 730° C. vvhen a small amount of y and a allotropic 
forms of iron separate out. 

At about 20° to 30° lower temperature, when the line LHJ is 
reached, pearlite separates out, and the whole mass becomes 
a solid steel, containing a large proportion of pearlite, in which 
■nail ferrite areas occur. 
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With a lower carbon content, greater ferrite areas will occur. 

The effect 6f rapid cooling from the solid solution region will 
be to retain in the solid metal much austenite. 

Similarly, the constitution of any other carbon content steel 
or cast iron may be examined by means of the given equili¬ 
brium curves. 

High-Carbon Metal. 

Con.sider the case of iron with 2-5 percent, of carbon cooling 
from the molten state; this combination approaches the limits 
of cast iron, since it only requires about 2 per cent, of carbon 
to saturate solid y iron; the martensite, which continues to 
solidify from about 1280° C., rejects all carbon in excess of this 
quantity, and leaves it in the remaining molten mother-liquor. 

This process continues from the point Aj to (Fig. 144)- 
that is, until a temperature of about 1125° C. is reached, when 
the carbon content of the mother-liquor reaches about 4-3 per 
cent.; as further cooling occurs below the line AB the mother- 
liquor solidifies bodily into an eutectic mass of graphite and 
marten.site. 

When the temperature of 1000° C. is reached at A, part of 
the graphite unites with some of the iron, to form cementite, 
and the mixture between A, and Ag therefore consists of 
martensite, cementite, and graphite. At Aj this martensite, 
which has now become hardenite, splits up into pearlitc, so 
that the resulting metal contains pearlite, cementite, and 
graphite, after cooling down to the completely solid state. 

Alloy Steels. 

The presence of elements in ste(4, such as nickel, chromium, 
tungsten, and similar elements, tends to alter the solidifying 
and critical points in exactly the same manner that the 
presence of carbon does. 

' The critical points are lowered by both nickel and manganese, 
as the curves given in Fig. 131) clearly show. Thus, with 25 
per cent, of nickel, or 12 per cent, of manganese, the Ar. 3 
point is lower than the usual 20° C.; such steels are character¬ 
ized by the presence of martensite similar to rapidly cooled 
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carbon steels, and normally consist of y iron modified by the 
large amount of manganese or nickel with which»it is alloyed. 

It should be mentioned here, that in carbide of iron (F 03 C) 
the iron is capable of being partially replaced by other ele¬ 
ments, such as tho.se present in alloy steels. 

The two special nickel and manganese alloy steels above 
mentioned are practically non-magnotic. 

Referring to Fig. 13!> again, it will be seen that in the case of 
niekel-cJirotiie steel (curves D and E) the change to the .solid 
solution state, with heat absorption, occurs at about the same 
temperature during heating as in the case of the carbon steels, 
but the arrest points occur at an appreciably lower tempera¬ 
ture during cooling. For this reason the effect of tlu; ele¬ 
ments nickel and chromium is to make the carbon change more 
sluggish—that is to say, more easily controlled and sup¬ 
pressed, so that larger masses of this alloy steel can be satis¬ 
factorily heat treated and hardened. 

In the case of air-lmrdenimj steels, the speed of cooling which 
results from the air-hardening process is sufficiently ra])id to 
suppress the carbon change, and to cause the mass to retain 
its solid solution state. 

Figs. 13.5 and 14.o* show the structures of this type of steel 
in the hardened states respectively. 

The alloy steels arc easier to obtain the “ solid solution ” 
state with, and this usually occurs with heat evolution during 
cooling at a lower temperature. It should be pointed out 
that if the thermal change point can be suppressed by quench¬ 
ing, rapid cooling, or otherwise, the breakdown from the solid 
solution to the pearlitio condition is prevented. 

In the case of nmnganese steel,^ when the percentage of 
manganese lies between about 12 and 14, the cooling curv», 
from the molten state, show's no “arrest,” and the solid solu¬ 
tion state can bo readily preserved by a sufficiently rapid 
cooling. Thus, if this high manganese steel be quenched at 
about 950° 0. a non-magnctic and tough condition results 
(Fig. I4G). 

* Dr. Hatfield. f Discovered by Sir R. A. Hadfield. 
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Fig. 145.—Annealed Aui-Haudenimi Steel. Ktijied. x 000. 



Fig. 146.— Manganese Steel. Mioko. Etched, x 100. 

High nickel steel, containing about 25 per cent, of nickel, 
is also non-magnetic, for no absorptions or arrests of heat occur 
during heating or cooling the ordinary range of working tern- 
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peraturea mot with commercially, so that the solid solution 
state, modified only by the high percentage of nickel present, 
is obtained. 

The micro-structure of this steel, in its best condition, con¬ 
sists of ])olygonal grains or allotromorphic crystals of solid 
solution of carbid(‘ of iron and nickel, in iron containing nickel. 

In nir-hardeniwj nie.lcd-chrome fileeU the effect of the ))articu- 
lar proportions of nickel and chromium is to render the speed 



Fig. 147.—Magnet Stkei. (Tungsten). Kt(’iiei>. x o0<). 

of cooling quick enough to .sup])rcss tlie carbon change point 
and to present the solid solution .state, in whicli the material 
at ordinary tem])eraturcs is extraordinarily hard and tough.* 

The Time Factor. 

It has been shown by Professor Edwardsf that much of thd 
diversity of opinion about the exact effect of chromium upon 
steel has been due to the omission to take account of the rate 
of cooling, or the time-factor effect, when studying the results 
of investigations. He has shown, tor example, that in the case 

* Tensile strengths nj) to 125 tons per square inch, and hardnesses (Fnnell) 
up to 550 are obtained with these steels, 
f fcseo footnote, p. 284. 
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of a chrome steel containing a little over 6 per cent, of 
chromium and 0-63 per cent, of carbon, that when specimens 
were heated to 1000° 0. and allowed to cool, («) in still air, 
on an asbestos pad, taking thirty minutes to reach atmospheric 
temperature, and (6) in the furnace, taking sixty minutes 
to reach ordinary temperatures, that in Case (a), the Brinell 
hardness was 642, whereas in Case (6) the hardness was only 
281. Thus the steel became what is known as “ self-harden- 
ing ” in the one case, and “ soft ” in the other, due to the 
different rates of cooling. 

Table XLVI. shows the influence of the time factor upon the 
hardness of the above-mentioned chrome steel when cooled 
from an initial temperature of 1200° C. In connexion with 
these results, it was observed that with the slower rates of 
cooling the critical temperatures wore higher, but the rises of 
temperature, or heat evolutions, were much greater; as the 
cooling rate increased, so the critical points became lower 
and less marked, until, with a rate of about two minutes, 
there was no noticeable carbon change point, and maximum 
hardness (Brinell 680) occurr(‘d. Tlu' more rapid cooling 
rates cause the carbon change points to be entirely suppressed, 
and micro-photographs of chrome steels cooled at different 
rates show that the constitution, as the rate of cooling is 
increased, corresponds to increasing percentages of solid solu¬ 
tion carbon—that is to say, to greater proportions of austenite, 
martensite, or hardenite. 

TABLE XLVI. 

Effect op Cooling Rate h'On Hardness of Chrome 
Steel. 

• [Composition: Carbon, 0'63 per cent.; chromium, 

618 per cent.] 

Initial Temperatuke, 1200 ’ C 


Cooline 1 

min. sec. 

min. sec.' 

; ! 

min. sec.' 

min. sec. 

min. sec. 


miv. see. 

rate in ' 
minutes ' 

1 

19 8 

16 28 

12 33 

12 8 

8 r>i 

i 3 33 

2 2 

Brinell 

Hardnessj 

333 

337 

398 

503 

032 

664 

1 ! 

680 
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Fio. 148 .—Heating and Cooling Curves for Nk^kel Steel. 

Metallography of Nickel Steels. 

When nickel is present in carbon steel its effect, apart from 
strength considerations, which will be considered later, is to 
lower the critical temperatures; the higher the percentage of 
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nickel, up to about 25 per cent., the lower the arrest point, 
until, with this latter ])roportion, there is no definite critical 
point at temperatures d6wn to 20° C. when the metal is cooled 
down slowly. 

Fig. 148 shows the critical temperatures for low-carbon 
nickel-steel with ditfercnt proportions of nielcel. 'I’he u])i)er 
curve corresponds to the slow' heating curve, and ah to 
the .slow cooling curve. It will be seen that during cooling, 
with increasing nickel content uj) to 27 per cent., the critical 



c OZfi oso 073 too /15 ^'50 f 65 

Ca RBO/^ Vo 

Fig. 149.— -EguiLiBKHiM Cukvks fgk Nicket.-Cakiuin. 


temperature of sudden heat evolution becomes ]irogressively 
lower, until, with 25 per cent, of nickel, it occurs at atmo¬ 
spheric temperatures.* This metal is therefore non-inagnetic 
at atmospheric temperatures. 

If, however, this nickel steel is cooled below 0° C. the mag- 

* Also vide “ The Hardening and Tomijering of Steel,” by Profes.sor Q. A. 
Edwards. 
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netic transformation occurs, and if the temperature'is raised 
the magnetic state persists right up to above 5Q()° t.'., as shown 
by the critical point b^. Similarly, for lower content nickel 
steels when heating occurs the critical tem[)eratures are much 
higher, as shown by the curve Hence, for this range of 

nickel steels the magnetic, or non-magnetic state occurs accord¬ 
ing to whether the temperatures within the area abb^ ar(! 
apj)roachcd by heating or cooling, and this group of stf'cls 
is termed an “ irreversible ” oiu'. The microscopic structure 
of nickel steels with dilferent proportions of nickel (up to 
30 ])er cent.) and of carbon (up to I•().■) |)er cent.) has been 
found by Dr. Guillet'" to corres[)ond to tln^ equilibrium dia¬ 
gram .shown in Fig. 149. 

It will be sei'ti that low carbon (content steels contain more 
ferrite and pearlite, and that high carbon contents have a con¬ 
stitution of both troosite and martensite, with some austenite. 

Flow Structure of Steel. 

It is fre(|uently of importance, in connexion with the stamp¬ 
ing, pressing, forging, and general plastic treatment of steel, 
to be able to examine the lines of flow-, or grain, of the metal. 
On<‘ of the commone.st methods enrployed for this purpose is 
that of sulphur printing, which utilizes the effect of the small 
quantities of sulphur jircsent U))on silver bromide printing 
paper. In Baumann’s method the surface to be examined is 
machined Hat and polished with emery paper No, 1. The 
silver bromide paper is soaked in very dilute sulphui'ic acid 
(about 1 to 3 per cent.) solution in water, and is 2 )laeed on the 
metal surface; the acid attacks the sulphides and liberates 
hydrogen sulphide, w'hich acts upon and turns the silver 
bromide dark in colour. The auto-print is retnoved from tiho 
metal, washed, and then immersed in sodium hyposulphite to 
fix (or remove the excess bromide). The average period of 
time required is about one to two minutes. 

Fig. 150f shows a tyjfical sulphur print made from a section 

* Emjine^rvig, March 8, 11H8. 

- t Courtesy of “ The Institution of Automobile Engineers.” 




Fig. 150.—Sulphur Print from Forged and Stamped Crank-Shaft. 





ri.j. 1^2 .—JStampjsi) Hollow-Headed Valve in Alloy Steel, showiko 
Flow of Metal arodnd Head. 
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of a fogged and stamped automobile engine crank-shaft; that 
the method pf manufacture is satisfactory is shown by the 
flow of the grain. 

Another method often employed consists in polishing the 
surface thoroughly and etching with a 10 to 20 per cent, nitric 
acid solution. 

Figs. 151, 152, and 153 show the flow .structure of stamped 
and turned alloy steel valves tor aeroplane engines; the differ¬ 



ence between the stamped valves in Figs. 151 and 152 and the 
solid bar turned valve in Fig. IpS is marked. 

Heat tinting is another method employed, which depends 
upon the colours of the oxides of the iron and the phosphorus 
content. 

If polished sections are heated to a certain temperature the 
phosphorus-rich portions appear as yellowish white streaks, 
and the purer metal as a blue background.* 

« For fuller particulars vide “The Microscopic Analysis of Metals,” by 
Osmond and Stead. 




CHAPTER V 

IRONS AND CARBON STEELS 
Physical and Mechanical Properties oi Ferrous Metals. 

It is not proposed in the present work to consider the modes 
of extraction of metals from their ores or the metallurgical 
processes employed in the derivation of the various final forms 
of ferrous metals, except, perhaps, in so far as they enter into 
questions of heat treatment but to confine these considerations 
to the properties of the final products, commencing with the 
more elementary irons and steels, and leading up to the more 
complicated alloy steels. 

Iron. 

I’hcro are three principal forms of iron occurring in com¬ 
mercial work—namely, (1) Wrought Iron, (2) Cast Iron, and 
(3) Malleable Iron, which will be dealt with in the order named. 

1. Wrought Iron. 

This metal is not employed for stress members in aircraft or 
automobile work, but only for certain electrical parts, such 
as the pole pieces of electro-magnets, cores, armature plates, 
and similar purposes: its physical properties are, however, 
of interest in relation to those of the more modern steels. 

Wrought iron is manufactured from cast iron by the pro¬ 
cess of puddling, forging, and rolling, after which treatment 
only a very small percentage of carbon remains, usually fronj 
0-05 to 0-15 per cent. 

Certain impurities, such as manganese,* silicon, sulphur, 
and phosphorus, are usually found in the resulting metal, and 
its physical properties are affected thereby. For example, 
the effect of more than about 0-1 per cent, of phosphorus in 


* Manganese (0*5 per cent.) also tends to make iron “ cold short.’* 
I 289 19 
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iron is to make the metal “ cold short ”*—that is, to cause it to 
crack if benU cold, although it may bo readily bent hot- 
Sulphur, when present in more than 0-1 per cent., causes “ red 
shortness,” or failure during forging or hot working. 

Wrought iron, which should contain not less than 99 per 
cent, of iron, is a .silvery metal, which is soft and ductile, 
the degree of ductility depending upon its purity. The 
metal as rolled and forged has a flbrou.s structure, which is 
caused by the presence of slag in the original ingots; iron bars 
and plates invariably show an appreciable difference in 
mechanical properties along and across the direction of rolling, 
and the presence of slag particles can be readily detected by 
microscopic examination. The metal softens at a tempera¬ 
ture of from 800° to 900° C., and can be readily welded in this 
condition. 

Commercial wrought is divided into grades, known as 
(a) Merchant Bar, (6) Best Iron, (c) Double Best, and 
[d) Treble Best. Best iron is superior to merchant bar, and 
is made by cutting up the latter into short bars, faggoting, and 
re-rolling; the better grades receive a repeated similar treat¬ 
ment. The best qualities of iron are the charcoal, electrolytic, 
and Swedish irons; these, in the annealed condition, arc used 
for electrical purposes, and in the production of high tensile 
steels. 

Typical Chemical Composition. —The following is a typical 
comjjosition of wrought iron, the figures denoting percentages. 

Carbon [0-02 to 0-2], Manganese [0-00 to 0’3], Silicon [0-00 
to 0-2], Sulphur [0-00 to 0-015], Phosphorus [0-00 to 0-15J, 
Iron [99 to 99-5]. 

Mechanical Properties. —The tensile strength of good 
i/rought iron varies from about 22 to 25 tons per square inch, 
with an elongation of from 20 to 25 per cent., and a reduction 
of area of from 50 to 60 per cent. 

Tensile strengths as low as 16 and as high as 28 tons per 
square inch have been met with in commercial work, but the 
above represent typical values. 

» Silicon makes iron hard and brittle if more than 0-1 per cent, is 
present. 
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The tensile strength of strips taken from rolled plates in 
the direction of rolling usually ranges from 20 to 25 tons 
per square inch, whilst for strips taken across this direction 
it is appreciably lower—namely, from 16 to 22 tons per square 
inch, the reduction of area varying in this case from 75 to 
85 per cent. 

Wrought iron shows a well-marked yield point of from 15 to 
17 tons per .square inch; its elongation is about of its 
length for each ton per square inch within the elastic limit, 
which varies from 14 to 16 tons per square inch for good 
qualities of this iron. 

The crushing strength of wrought iron is rather indehnito, 
but may bo taken at 0-8 of its tensile strength. 

The shearing strength varies from 15 to 20 tons per square 
inch, and is less when sheared along the direction of rolling 
(or parallel to the slag grain). 

The Modulus of Elasticity for wrought iron varies from 
12,000 to 13,000 tons per square inch, being about 12,500 upon 
the average. 

The Modulus of Rigidity is about 5000 tons per square inch. 

Physical Properties. —The effects of temperature upon the 
tenacity and the allotropic modifications have already been 
referred to.* 

Microscopic examination of the structure of wrought iron 
reveals the ferritic structure, as shown in Eigs. 128 and 154, 
characteristic of low-carbon steels slowly cooled, interspersed 
with slag particles. The direction of rolling, bending, or work¬ 
ing, can also be readily detected. 

The specific gravity of wrought iron varies from 7-8 to 7'9; a 
cubic foot of wrought iron of specific gravity 7-78 weighs 486 lb., 
and a cubic inch, 0 -280 lb. Cast iron has a lower specific gravily, 
varying from 7'0 to 7-5, according to its composition. 

The melting-point of pure iron is about 1530° C. 

The coefficient of linear expansion of wrought iron is 10'2 x 
10 ® and of cast iron 11-9 X 10**. 

The thermal conductivity of pure iron at 18° C. is 0-161, and 

• Vide pp. 98 and 264 et sej. * 
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at 100° C. 0161, in C.G.S. units; the corresponding values 
for wrought iroh are 0144 and 0143 respectively. Cast iron 
at 100° C. has a conductivity of Odll, and 1 per cent, steel- 
0-107. 

The specific heat of iron from 20° to 100° C. is 0-119,* and 
from 0 to 1100° C. it is 0-I.63.t 

The electrical re.sistivity of pure and wrought irons at 18° C. 
arc 9 to 1.5 x 10 ® and 13-!) x 10 “ ohms per sq. cm. respec¬ 
tively; for 0-1 per cent, steel the value is li)-9xl0“. 

The velocity of sound in wrought iron is 49 to 51 centi¬ 
metres per second. 


Electrolytic Iron. 

A very much purer form of iron than that previously de¬ 
scribed can be produced by electrolytic means, and the manu¬ 
facture of this type of iron is now a commercial proposition. 
The principle of the different processes consists in making 
the anode of wrought, cast iron, or carbon steel, and the 
electrolytic solution of one of the salts of iron, such as ferric 
chloridt!, ferric sulphate, or mixtures of such salts; w-here an 
electric current of sufficient density is employed, pure iron is 
deposited upon the iron cathode. The following dcscriptionj 
refers to one of the typical processes—namely, that of the 
Le Fer Company at Grenoble: “ In princi[>lc the method con¬ 
sists in the use of a revolving cathode and a neutral solution 
of iron salts maintained in the neutral state by the circulation 
of the liquid over the surface of the iron. The bath also 
receives periodic additions of a depolarizing medium, such as 
iron oxide, the object of w-hich is to eliminate, at least in part, 
thp hydrogen deposits upon the cathode, which injuriously 
affect the material if present in too large a quantity. By this 
moans it is possible to work with a current of high density 
(1000 amperes per square metre), and an iron of excellent 

' Schmitz. ' t Harkcr. 

t “Electrolytic Iron; Its Manufacture, Properties, and Uses,” by L. 
Guillet, Proc. of the Iron and Steel Institute; reproduced in Evgineering, 
October 2, 1914. 
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quality is obtained. The process is applicabb to the produc¬ 
tion of very pure iron, which can compete with ‘ best iron ’ or 
Swedish iron, or to the direct manufacture of tubes and 
sheets in the finished state.” 

The average composition of electrolytic iron, obtained by 
using any pig iron in solution, after annealing, is approxi¬ 
mately as follows: Carbon [0-004], Silicon [0-007], Sulphur 
[0-006], Phosphorus [0-008], Iron [99-975], percentages. 

With a current density of 1000 amperes per square metre, it 
is stated that a yield of 2 tons of metal is obtainable, per 
kilowatt-year, including the cost of current tor the acces¬ 
sory services. 



Fia. I.M.- -Ki.Ec'TRor.vTic Ikon (Annho.kd). ET(’in!i). x .lOO. 

Properties. —I’ln- electrolytic iron in the deposited state is 
hard and brittle, showing under the microscope a characteris¬ 
tic grain resembling the fine needles of martensite. 

Upon annealing from about 700" to 800° C. the well- 
known ferritic structure is obtained; the annealing procrf'ss 
not only improves the strength qualities but also serves to 
eliminate the absorbed gases, such as the hydrogen, carbon- 
monoxide, oxygen, etc. Pig. 1.54 shows the ferritic structure of 
annealed electrolytic iron. The .tensile strength of the an¬ 
nealed iron varies from 19 to 20-8 tons per square inch, with 
an elongation of from 40-2 to 42-1 per cent, in the direction 
of the length of the cathode. 
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The effect of compression tests* upon annealed tubes shows 
that a remarkable degree of deformation can be undergone 
without signs of fracture; thus, a tube of 100 mm. diameter, 
and of 0-75 mm. thickness, when subjected to a compression of 
1200 pounds per square inch, underwent a permanent deforma¬ 
tion of a regular character, as if squeezed in a press. 

The Brinell hardness in the deposited state is about 193, for 
the 10 mm. ball and 3000 kg. load, whilst in the annealed 
state it is about 90. 

Electrolytic iron corrodes easily; this is believed to be due 
to its content of iron chloride. It has a low hysteresis and a 
high permeability, which renders it very suitable for electrical 
work. 

The electrical conductivity is given as 10'22 microhms per 
cub. cm. for the annealed iron at 20° 0. 

The critical points were found to be, for the dcjiosited iron, 
981° and 937° C. (heating), and 902“ and 778° 0; (cooling); 
whilst for the annealed iron they were 788" and 932° C. 
(heating), and 902° and 778° C. (cooling). 


2. Cast Iron. 

The product which is obtained directly from iron ores 
when suitably smelted in the blast furnace is known as pig 
iron, or cast iron. 

Its composition depends upon that of the ores and smelting 
materials, and varies over an appreciable range. The principal 
constituents of cast iron are as follows; 


Carbon, in tlio combined or graphic form 
•Silicon 
Phosphorus 
Manganese 
^ Suljihur .. 

) Iron 


2‘0 to 5*0 per cent. 
0'l5to5-0 
OO to 1-3 „ 

0*0 to 1*5 ,, 

0-0 to 0-5 „ 

90-0 to ori-o „ 


Definitions of Cast Irons.f 

Pig Iron .—Cast iron which has been cast into pigs direct 
from the furnace. 

* See Fig. 178. 

f International Association of Testing Materials, Brussels, 1906. 
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Basic Pig Iron. —Pig iron containing only a small quantity 
of silicon and sulphur, so that it is easily cftnvertiblo into 
steel by the basic open hearth process (the pig iron should 
contain not more than 1 per cent, of silicon). 

Bessemer Pig Iron. —Pig iron containing only a small 
quantity of phosphorus and sulphur, so that it is easily con¬ 
vertible into steel by the original or acid Bessemer process 
(the pig iron should contain not more than 0-10 per cent, of 
phosphorus). 

Alloy Cast Irons. —-Irons, the properties of which depend 
upon the presence of some other element or elements than 
carbon. 

Cast Iron. —Iron containing such a percentage of carbon that 
it is not malleable at any t(enperatur(‘; it is recommended to 
aiaa'pt 2-20 j>er cent, carbon as the dividing-point between 
steel and cast iron. 

Charcoal Hearth Cast Iron. —Cast iron \vhich has had its 
silicon and jdiosphorus removed in the charcoal hearth but 
still retains enough carbon to bi- sjiecilicd as cast ir(in. 

Grey Cast Iron and Grey Pig /roft.—rCast and pig iron in the 
fratdure of which the iron itself is m'arly concealed by graphite, 
so that fractui'c has a graphitic colour. 

While Cast Iron and White Pig Iron. —Cast iron and pig iron 
in the fracture of which little or no graphite is visible, the frac¬ 
ture being silvery and white. 

Malleable Pig Iron. —Pig iron suitable for converting into 
malleable castings by the process of molting, treating when 
molten, easting in a brittle state, and then making malleable 
without remelting. 

Refined Cast Iron. —Cast iron which has had most of its 
silicon reirioved in the refinery furnace but still retains suffi¬ 
cient carbon to bo specified as cast iron. 

There are throe principal kinds of cast iron, known as the 
Grey, Mottled, and White varieties respectively. 

Grey Cast Iron contains most of its carbon, not in the com¬ 
bined form, as in the case of the white varieties, but in the 
free or graphitic state, and is, consequently, much greyer. 
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and softer, weaker in mechanical properties, but more fusible 
than the whitrt or mottled irons. 

The following is a typical composition of a grey cast iron: 
Iron [90-38], Carbon (combined) [1-00], Carbon (graphitic) 
[2-66], Silicon [3-00], Sulphur [1-20], Phosphorus [0-90], 
Manganese [0-86]. 

The presence of aluminium and silicon in cast iron has the 
effect of hindering the combination of the carbon, and thus 
causes the separation of the graphite, so that irons containing 
much silicon are of the greyer varieties; the effect of the pre¬ 
sence of this element will be considered more fully later. 



Fig. 155.—Uhev ok Weak Oast Ikon. Etched, x .50. 

Microstructnre of Cast Irons.*^ —The combined carbon in cast 
irons is present in the form of carbide of iron, or pearlite, 
and the greater the proportion of combined carbon the more 
ptearlitic the structure. The micro-structure of cast iron may be 
examined by preparing the specimen by polishing and etching 
with a 6 per cent, solution of picric acid in alcohol. 

The structure of grey cast iron consists of graphite and 
pearlite in a silicon-ferrite matrix, the black lines of the 
graphite, and grey-patches of pearlite showing up against the 

• Also see Figs. 160 and 161 for micrographs of motor cylinder cast irons. 
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ghter silicon-ferrite matrix (Eig. 155). Figs. 156 and 157 show 
le well-laminated pearlite and the graphite flakes'in cast iron, 
1 C latter photograph being more highly magnified. 



G 15(). —(^\.sT Ikon, showino (Jrai’HITK \ni> \s eij.-l^min \tki> J^eaki.ite 
X I'M). 



G. 157.—Cast Iron, showing (Jrapihte and weli.-laminated Pearlite 
(High Magnification), x 400. 

In the case of whiter cast irons, the grey matrix consists of 
iarlite, with white patches of iron-phosphorus eutectic 
’ig. 158). 

The amount of pearlite present is proportional to the com- 
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and softer, weaker in mechanical properties, but more fusible 
than the whitrt or mottled irons. 

The following is a typical composition of a grey cast iron: 
Iron [90-38], Carbon (combined) [1-00], Carbon (graphitic) 
[2-66], Silicon [3-00], Sulphur [1-20], Phosphorus [0-90], 
Manganese [0-86]. 

The presence of aluminium and silicon in cast iron has the 
effect of hindering the combination of the carbon, and thus 
causes the separation of the graphite, so that irons containing 
much silicon are of the greyer varieties; the effect of the pre¬ 
sence of this element will be considered more fully later. 



Fig. 155.—Uhev ok Weak Oast Ikon. Etched, x .50. 

Microstructnre of Cast Irons.*^ —The combined carbon in cast 
irons is present in the form of carbide of iron, or pearlite, 
and the greater the proportion of combined carbon the more 
ptearlitic the structure. The micro-structure of cast iron may be 
examined by preparing the specimen by polishing and etching 
with a 6 per cent, solution of picric acid in alcohol. 

The structure of grey cast iron consists of graphite and 
pearlite in a silicon-ferrite matrix, the black lines of the 
graphite, and grey-patches of pearlite showing up against the 

• Also see Figs. 160 and 161 for micrographs of motor cylinder cast irons. 
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[90-6], Carbon (combined) [1'69], Carbon (graphitic) [1'31], 
Silicon [2-17], Sulphur [148], Phosphorus [M7], Manganese 
[1-60]. The fracture is a dull white, with pale greyish specks 
and a line of white around the edge of the fracture. 

White Cast Iron. —In this iron the carbon chiefly exists in 
the combined form; in the whitest cast iron.s the percentage 
of combined carbon varies from 2 to 4. 

The metal is very hard, close grained, silvery white in frac¬ 
ture, and possesses good wearing and polishing qualities; it is 
less fusible, and does not take such good impressions from the 
mould as in the case of the greyer irons. 

The following is a typical composition of a medium white 
pig iron suitalflo for commercial purposes: Iron [8940], Carbon 
(combined) [246], Graphite [0-87], Silicon [M2], Sulphur 
[2•52], Phosifliorus [0-91], Manganese [2-721. 

It is usually specified that for white, close-grained hard irons, 
that the silicon must lie between the limits of 1-2 and 1-6 per 
cent., whilst the suljihur should not exceed 0-095 per cent., 
and th(! phosphorus and manganese each below 0-7 per 
cent. 

For chilled iron, and for hard white irons, manganese up to 
1-3 per cent, is an advantage; above this amount tends to 
make the iron weak. 

Classification oi Commercial Pig Irons. 

There are six different classes of cast iron used in commerce, 
varying from No. 1, which is the greyest, through the mottled 
(Nos. 4 and 5), to No. 6, which is the hardest and whitest. 

No. 1 Pig Iron has a dark grey fracture, with a high metallic 
lustre, and large graphitic crystals; it is used solely for foundry 
purposes, being very fusible but deficient in strength. 

No. 4 Pk) Iron, sometimes called “ bright,” has a light grey 
fracture, with small crystals, having little lustre; it is not very 
fusible, and is chiefly used for wearing parts, and for making 
iron and steel. 

No. 5 Pig Iron is the Mottled type. 

No. 6 Pig Iron, or white, has a white fracture, with little or 
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For other information see Kent’s “Mechanical Engineer’ Pocket-Book.’ 
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no lustre, and is granulated with a radiating crystalline appear¬ 
ance. It is extremely hard and brittle. * 

The above irons are usually blended together in various 
proportions according to the nature of the casting required. 
Most of the ordinary castings of commerce are made of Nos. 
1, 2, 3, and 4, in dilTerent proportions. 

The following table shows tlie results of an analysis* of the 
compositions of various cast irons, and gives the most suitable 
composition for tlus specified purposes: 


TABLE XLVllI. 

CO.MI'O.SITION.S OF CAST IrON FOR DIFFERENT PURPOSES, 


Parpo . ie . 

Coiiihined 

Curboti . 

(ii aph}(ic 

Carbon . 

iSf/iro/f. 

Greatest softness .. 

0-1.5 

3-1 

2*5 

,, hardiie'^s .. 


— 

under 0*8 

,, conoral strength . . 


•J*s 

1*42 

stillness 



10 

teiiHile striMij^th .. 

0-47 


1-8 

enishing strength 

over 1*0 

under 2*0 

about 0*8 

,, transverse strenj;th 

0*7 

— 

I *5 

Effect of Silicon. 





It has already been stated that silicon, when present in 
any appreciable amount (from 2 to 4 ])er cent,), has the effect 
of causing the carbon to remain in the uncombined or graphitic 
state. The proportions of silicon for the greatest tensile, 
crushing, and bending strengths appear to lie between 1-4 
and 2 per cent.; between 2 and 3 per cent, of silicon makes the 
metal softer and greyer. 

Fig. 159 shows clearly in a graphical manner how the propor¬ 
tion of silicon present affects the tensile and crushing strengths 
and the hardness of cast iron. 

Effect of Manganeset and Chromium. 

When cither of these two elements is present in cast iron 

^ Trans. Iron and Steel Institute, 1S85 (Turner). 

t Ferro.manganese is a metallurgical product containing over 50 per 
cent, of manganese. ISpiegeleisen contains from 10 to 30 per cent, man¬ 
ganese. {See also Appendix I.) 
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the carbon present tends to remain in the combined state; 
manganese should not exceed about 1 per cent., or brittleness 
results. Cast iron with 1 per cent, of manganese is used for 
chilled rolls. The shrinkage of cast iron is increased by this 
element. 



Fia. 159.—iNFi.tiENcB OF Silicon on Pig Iron. 

Eflect ol Phosphorus. 

The presence of phosphorus in a small amount (below 0-8 
per cent.) tends to make the metal more fluid, or fusible, 
and is an advantage for thin or sharp castings; too much 
phosphorus produces brittleness, 
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Effect of Copper. 

Copper is sometimes found in pig iron made from ores con¬ 
taining copper; its effect when present from O-l to 1 per cent, 
is to close the grain without appreciably affecting the brittle¬ 
ness. 

Effect of Aluminimn. 

When aluminium is added to molten cast iron (from 0'2 to 
1 per cent.) it inen-ases the fluidity, and tends to reduce 
tlie oxides. When added to grey iron it weakens it. 

Effect of Vanadium. 

Vanadium in small quantities (from 0'05 to 0-20 per cent.), 
when added to molten cast iron, acts as a deoxidizer, and also 
greatly increases the strength of the resulting iron. 

Effect of Titanium. 

The addition of about 2| per cent, of a titanium-iron alloy, 
containing about 10 per cent, of the former element, to molten 
cast iron gives an increase in strength of from 20 to 30 per 
cent, to the resulting iron. Part of the titanium reacts with 
any ox v gen or nitrogen present in tlu; metal, and thus purifies 
it, but does not remain in the metal. 

Mechanical Properties of Cast Iron. 

The behaviour of cast iron in both tension and compression 
has already been discussed on page 87. 'I'o recapitulate, it 
may be stated that east iron is between four and five times 
as strong in compression as in tension, and exhibits no real 
clastic strain, so that stresses are not proportional to strains 
except for very small stresses of a few tons per square inch. 
The value of the Modulus of Elasticity is given by Unwin as 
varying from 6400 to 7500 tons per square inch, whilst the 
Modulus of Rigidity ranges from 3400 to 3000 tons per square 
inch. 

The tensile strength of cast iron may be as low as 4 tons per 
square inch for very grey varieties, and as high as 20 tons per 



304, AIRCRAFT AND AUTOMOBILE MATERIALS 

square inch; but for good cast iron, suitable for castings, it 
lies botwceii 8 and 12 tons per square inch. The strength of 
cast iron depends, not only upon the chemical composition, 
but upon the size and shape of the casting, the pouring tem¬ 
perature, and rapidity of cooling. In general, small, rapidly 
cooled castings, or chilled castings, are stronger than large, 
slowly cooled castings of the same metal. 

The compressive strength may vary from 20 to nearly 100 
tons per square inch; but for average foundry iron it lies be¬ 
tween 40 and 00 tons per square inch. 

The longitudinal extensions and compressions of cast iron 
vary from 0 000133 to 0-000150 inch per inch length, per 
ton per square inch load. 

The Admiralty transverse* test for cast iron specifies that 
a 1 inch .square bar of 1 foot span should support a central 
load of 2000 pounds without fracture; this corresponds to a 
bending strength of about 0 tons per square inch. 

The ordinary foumtry test is to support a planed rectangular 
bar of 2 inches depth and 1 inch width at its ends, 3 feet apart, 
and load it centrally; it should require between 25 and 32 
cwts. to fracture it for a good quality iron, from 10 to 20 cwts. 
for grey and weaker irons, and from 30 to 40 cwts. tor the best 
grades. 

Physical Properties of Cast Iron. 

The specific gravity of cast iron varies from 6-8 in the case 
of the dark grey foundry iron to 7-35 for the mottled, and 7-00 
for the white grade, the corresponding weights per cubic foot 
being 425, 458, and 474 pounds respectively. 

The melting-point of cast iron is about 1500° C., the specific 
heat being 0-140 for grey iron, and 0-127 for white iron. 

The amount of contraction upon cooling depends upon the 
size and shape of the casting and upon the quality of the iron. 

The shrinkage of cast iron depends upon its composition, 
and is increased by the presence of manganese when more 

♦ For other information regarding this mode of testing see pp. 139 and 208. 
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than about 0-7 per cent, is included. The shrinkage is greatest 
for white and mottled irons, and least for soft ifons. 

The shrinkage also depends upon the amount of silicon and 
on the cross-section of the casting, decreasing as the section 
and the percentage of silicon increase. 

The following table* shows the general nature, and the 
amount of the variation: 

TABLE XLIX. 

Effect of Silicon and Sectional Area on Shrinkage 
OF Cast Iron. 


•S'tte uj S < inare . Bai -' i . 


ircent(v/e 
Silicon. \ 

1 

0-r> in. 

i 

. 

1-0 in. ; 

i 

2-0 in. 

.•i-o m. 

4-0 in. 



Shnnhuje, 

, in Iiichf’s per Fool. 


l-OO 

; ()-l78 

0158 

0-120 

1 

0-112 

0102 

1-51) 


0-145 

0-110 

0-000 1 

0-088 

2-00 

0-154 

o-i:;:! 

0-104 

0-086 j 

0-074 

2'r>() 

0-U2 

0-121 

()'091 

0-072 

0-060 

3-00 

0-130 

()■ 101) 

0-078 

0-058 j 

0-046 

3-o() 

0-HH 

0097 

0-065 

0-045 

o-o:i 2 


Thin cylinders contract only about j',,- inch per foot, -whereas 
lioavy thick pipes contract about i inch per foot; it is usual 
for ordinary work to allow' for a shrinkage of i inch per foot. 
The fractional cubical contraction in the case of cast iron is 
given by Unwin as and the fractional linear contraction 
as 

In the case of well-dried pinewood patterns, the weight 
of the casting (in cast iron) is approximately etpial to sixteen^ 
times the pattern weight. 

Applications to Automobile and Aircraft Work. 

Cast iron is chiefly employed for cylinder castings, cylinder 
liners, pistons, piston rings, back-axle casings, brake shoes, 

* W. J. Keep, Proc. Araer. 8oc. Mech. Engrs., xvi., 1082. 

’ 20 
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and certain brackets upon the chassis members and mis¬ 
cellaneous wearing parts.* 

In the case of sleeve-valve engines, the sleeves are made of 
a good grade of cast iron, and the same metal for liners of 
cylinders made of aluminium alloy, the liners being shrunk 
into place and held by studs to the outer casting. Fig. 160 
shows a typical sleeve-valve iron micrograph. 

The sleeves are made of a tough open-grained cast iron 
derived from best selected iSwedish iron, of very low phos¬ 
phorus and sulphur content. In addition, the high total 



I’m. 160. —C.isT Ikon for Sleeve V.^lve. Etched with 5 tek Cent 
Nitiuc Acid in Alcohot, x 24. 

carbon in the sleeve metal brings about the formation of a large 
quantity of free graphite, which assists in the lubricating 
and wearing qualities of the .sleeves. 

A standard transverse bar, loaded in the centre, should 
Ijave a breaking load varying from 24 to 28 cwt. 

For piston rings the metal should be fairly elastic, and of 
good wearing qualities. The iron used should be crucible, 
melted in a pot furnace in a special manner, in the form of a 
cylindrical piston pot, the moulds l;>eing accurately machined 
to size. The grain should be fairly fine; the ca.stings being 

• For compositions of automobile irons sec Table 300. 
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chilled at a regular temperature. It i.s essential to specify 
fine limits for the permis.sible quantities of silicon, carbon, 
and phosphorus contents. 

J2.Eig. 161 shows a micrograph of an automobile cylinder 
material. ♦ Motor engine cylinders and^ pistons are usually 
sand cast in dry-sand moulds from sjiocially selected cold 
blast and part mine irons; the sand cores being free from 
wire binders, and easily withdrawn. The metal should have a 
low carbon content and possess a fine grain, so that there is 
no risk of porosity. 



Fio. 101 .—Cast laoN fob Actomobii.e Cylindek. Vebticat, Illumina¬ 
tion. Etched with 5 I’Eii Cent. Nitiuc Acin in Alcohol, x 200. 

A specified test is that each cylinder should withstand an 
hydraulic test of 100 pounds per square inch without leaking, 
and that a standard transverse bar should fracture with a 
central load of from 27 to 30 cwt. 

The Sz^kely Casting Process. 

A process invented by Dr. Szckely for producing castings 
in metallic moulds in such a manner that the metal is unchilled 
by the moulds gives hard close-grained castings free from chill. 
The castings, which are almost identical in size with the 

* “ Materials for Motor-Bus Construction,” A’/iz/i/zeen/ii/, January, 1917. 
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patterns themselves, have a very smooth surface, and require 
practically no kittling. 

The metal mould consists of a number of parts which fit 
together at the machined joints only, the surfaces forming 
the walls of the mould being left as cast. The joints them¬ 
selves also act as vents for the escape of the gases generated 
during the pouring process. It is stated that the results 
obtained are due to the use of the special compound, consisting 
chiefly of paraffin and French chalk, which is used for coating 
the mould. 

Automobile castings for (;ylinders, pistons, and other parts, 
can be quickly and accurately made by this process. 

Chilled Cast Iron. 

It is found, in the ease of most cast metals that the rate at 
which the metal is cooled after casting has a considerable 
influence upon its mechanical properties. 

In ordinary sand casting the sand is a ])oor heat con¬ 
ductor, and slow cooling only occurs; whereas if the mould is 
made of a metal suitably faced with a loam wash much more 
rapid cooling occurs, and the casting has a silvery fracture 
and is extremely hard. It is quite possible to arrange for 
certain parts of an iron casting to be chilled, where any abrasive 
or wearing action occurs, and for other parts to bo left in the 
softer condition, by inserting metal portions in the mould. 

Metal moulds of cast iron and steel are used for chill- 
castings. 

Table L. gives a few typical analyses of chilled cast iron. 

3. Malleable Cast Iron. 

Malleable iron castings have been used somewhat exten¬ 
sively in connexion with atitomobilo work, especially in 
America, and their use appears to be increasing at the present 
time. Ordinary commercial malleable cast iron is obtained by 
heating iron castings to a red heat in contact with oxide of 
iron, or powdered red haimatite, for a period varying from a 
few hours to two or three days; in this way part of the carbon 
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in the cast iron'is reduced or eliminated by its conversion with 
the oxide into carbon monoxide, or carbon dioxide, and the 
resulting metal approximates in composition to low-earbon 
steel or wrought iron. It can be bent and hammered to a 
certain extent in a similar manner to wrought iron. 

Tensile tests* of malleable iron made from cast iron having 
a tensile strength varying from 0-5 to 13-1 tons per square 
inch, with a mean value of 10-1 tons per square inch, showed 
that the tensile strength varied from 14 to 20 tons per square 
inch, with a mean value of about 16 tons per square inch. The 
elongation on 5 inches varied from ()-8 to 5-6, being about 2-,') 
upon the average. The <;rushing strength varied from 48 to 
71-5 tons per square inch. 

Malleable iron castings, for automobile and similar work, 
arc usually made from crueible-meltcid cast iron, although 
cupola, air, and open-hearth furnace irons are used in much 
of the malleable work. 

A high degree of skill and metallurgical knowledge are 
necessary in order to ensure the correct annealing and thermal 
treatimmts. 

Compositions. 

For malleable castings a white grade of cast iron is employed 
—that is, one with inore combined carbon; the metal melts 
at a lower temperature, and also cools more rapidly. 

The compositions of pig irons for malleable castings, as given 
by analyses of typical castings for both European and American 
practice, are given in Table Lf. on the opposite page. 

The total amount of combined carbon should bo about 3 per 
oent. in good malleable castings, whilst the amount of graphitic 
carbon should be as small as possible, as its presence is asso¬ 
ciated with a weakening effect. 

The amount of silicon present affects the casting and pour¬ 
ing temperatures; it should be a minimum for large castings 

Professor P. Ricketts, Van Nostratids' Magazine, 188.'5. Also see 
Journ. Iron and Steel Inst., vol. ii., 1915 (Dr. Hatfield); “Cast Iron in 
the Light of Modern Research” (Griffin and Co.); Gassier's Magazine, 
1907 (R. Moldenke). 
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TABLE LI. 

Compositions of Typical Pio Irons foe Malleable 
Iron Ca.stings. 


Deter iptioii. 

Carbon 
per Cent. 

iSUiton 
per Cent. 

Man- 
(fane.tc 
per Cent. 

Phos- 

phoru.H 

per Cent. 

Sidphnr 
per Cent. 


(White 

3*20 

0-() 

O-IO 

O-Oo 

0-30 

(Western) -1 
nu\tiire 1 Mottled 

3-4.5 

0-85 

0-10 

0-05 

0*1 to()'2 

English 

(White 

.•MO 

0-4o 

0-40 

O-Of) 

U-25 

(Eastern) •! 
mixture ^Mottled 

3-40 

0-5 to U-8 

0-60 

0-05 

0-1.5 

Average black heart 
castings* 

2-8 to 3-8 

0-0 to l-O 

0‘2 to O’h 

o-or4 

0-2f>t 

A verage E iiropean 
malleable castings 
(Reamur) 

2-0 to 4-0 

0-0 toO-U 

0*3 to 0-5 

0-08t 

0-2.5t 

Average American 
practicef 

2-75 to 3-7.5 

0-45 to 1-00' ()-30 

o-hsf 

0-22.5J; 


(namely, from 0'3.5 to 0'45 per cent.) and a maximum for small 
easting.s (from I'O to 1’25 per cent.). The average amount of 
silicon for medium castings is 0’6 to 0’8 per cent. 

The effect of manganese is to strengthen the iron and to 
reduce the shrinkage; if too little manganese is present a weak 
casting with high shrinkage results. The average manganese 
content should be about 0'3 to 04 per cent. 

The sulphur and phosphorus contents .should not exceed 0'08 
and 0'25 ])er cent, re.spectively. 

The shrinkage of the hard casting is about 0'25 inch per 
foot, or about twice that of grey iron; and, as previously men¬ 
tioned, for minimum shrinkage a relatively high manganese 
content is essential. , 

The castings are allowed to cool in the sand until a black 
heat is reached and are then shaken out, and when cool are 

* The average .strength results for tlieso eastings are Tensile strengtlj, 
20 to 23 tons per square inch; elongation on 2 inches, 8 to 12 per celt.; 
roduotion of area, 10 to 13 per cent. 

t For small casting.s the silicon may go np to 1*25 per cent., whilst 
for heavy ones it may drop as low as 0-35 per cent, 
t Maximum. 
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cleaned of tba sand either in an exhaust tumbler or by the 
sand-blast. 

The “ annealing ” process, as it is termed, consi.sts in heating 
the eastings in contact with oxides of iron in special annealing 
ov'cns, maintained at about 800° to 900° C. for three or four 
days, after which the fire is allowed to slowly die down, until 
at the end of eight or nine days the process is comph'te; 
attempts at shortening this period by employing higher tem¬ 
peratures have not, as yet, been satisfactory. 

The “ black heart ” variety of malleable iron is largely used 
for automobile W'ork, and is so called from the appearance of 
the fracture, which shows a steel-coloured contour with a black 
velvety core; its tensile strength compares favourably with that 
of steel, although the elongation is appreciably less. 

The average mechanical properties* of this iron are as 
follows—namely: 

Ultimate Tensile Stren^jth-- 23 tons per s(piuic inch. 

Kla.stic Limit .. .. 11 to 17 tons per square inch. 

Elongation .. - 13 per cent. 

Contraction in Area .. - LS-T) per cent. 

The British Admiralty specification for malleable cast iron 
requires a minimum tensile strength of 18 tons (or 40,320 
pounds) per square inch, with an elongation of 4 per cent, in 
3 inches, on a test bar of 1 inch by (J inch rectangular section. 
It is also stipulated that the specimen must bend to an angle 
of 90 degrees round an arc of 1 inch radius without exhibiting 
cracks or other signs of fracture. 

The following specifications are tho.se adopted by the Ameri¬ 
can Society for Testing Materials: 


c Specification for Malleable Cast Iron. 

Process of Manufacture.— Malleable iron castings may be made by 
the open-hearth, air-furnace, or cupola process. Chipola iron, however, 
is not recommended for heavy or important castings. 

Chemical Properties. —Castings for which physical requirements are 
specified shall not contain over 0-06 per cent, of siiliihur, or over 0-22.5 
per cent, of phosphorus. 

* “Commercial Steels and their Heat Treatment,“ by .J. B. Hoblyn 
(Proc. I.A.E., PJIS). 



IRONS AND CARBON STEELS 


313 


Physical Properties —(1) Standard TeH iiar.—This har shall be 1 inch 
square and 14 inches long, cast without cliills. and left perfectly free in 
the mould, 'rhree bars shall be cast in one mould, heavy risers ensuring 
sound bars. Where the full heat goes into the castings, winch are subject 
to specilication, one mould shall bo poured two minutes after tajijiing 
into the first ladle, and another mould shall be poured from the last 
iroti of the heat. 

Moulds shall be suitably stamped to ensure identification of the bars, 
the bars being annealed witii the castings. Whore only a partial heat 
is reiiuired for the work m hand, one mould shall be cast from the first 
ladle used and another aften* the required iron has been tapped. 

(2) Of the three test bars fiom the two moulds required for each heat, 
one shall be tested for tensile strength and elongation, the other for 
triinsvcrsc strength and deflection, d'he other riunaining bar is reserved 
for eitlior tensile or transverse tc't in case of failure of the other two 
hats to come up to requirements. The halvo.s of the two bars broken 
transv(‘rsely may also be used for the tensile test. 

(d) Failure to reach tlie requinal limit for the tensile test with elonga¬ 
tion, as also for the transverse test with delleetion, on the part of at 
least one test, rejects the castings from that heat. 

(4) Tentide Test .—The tensile strengtli of a stamlard test bar for 
casting under specification shall not be less than 40,000 pounds per 
square inch. The ehmgation measured in 2 inches .shall not be less than 
2J per cent. 

(.')) Transveiae Test .—The transverse'strength of a stamlard test bar 
on supports 12 inches ajiart, pressure being applied at the centre, shall 
not be less than 11,000 pounds, with deflection at least J inch. 

Test Lugs. — Castings of sjieeial design or special imjiortancc may be 
provided with suitabh* lugs at the o])tion of the inspector. At his rcijuest, 
at least one of these lugs shall be Ic'ft on the eastings foi hi.s in¬ 
spection. 

Annealing.- (1) Malh'abie castings shall neither be over nor under 
annealed. Tlicy must li.ive received their full heat in tiic oven at least 
sixty hours after reaching that temperature. 

(2) The saggars shall not be dumped until the contents .shall at least 
be black-hot. 

Finish- —Castings .shall bo true to pattern, free from blemishes, scale, 
or shrinkage cracks. A variation of inch per foot sliall be peimissible. 
Founders shall not be hold responsible for defects due to irregular cross- 
sections and unevenly distributed metal. * 

Inspection. - -The inspector representing the purchaser shall have all 
reasonable facilities given him by the founder to satisfy him that the 
finished material is furnished in accordance with these specifications. 
All tests and inspections shall be made prior to shipment. 

Mitis Castings. —These are wrought iron castings made by 
adding from 0-05 to 0-09 per cent, of aluminium to Swedish 
wrought iron which has been melted. The effect of the alu- 
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minium is to lower the melting-point of the iron by some 300° 
or 400° C. The iron is melted in a petroleum fired furnace in 
crucibles of fireclay or plumbago. 

Mitis castings are stated to possess all the properties of 
best wrought iron, but are free from stratification, and are 
homogeneous in structure. 

The tensile strength is said to be up to 20 per cent, higher 
than that of wrought iron, whil.st the ductility is about the 
■same. 

Semi-Steel. 

iSemi-.steel is the name given to cast iron made from pig iron 
melted in the furnace with the addition of from 20 to 30 i)er 
C('nt. of steel scrap; fcrro-manganc'so is also soTnetimes added. 
The addition of the steel dilutes the silicon of the pig iron and 
converts some of the graphitic to combined carbon. 

fScmi-steel is rather a misnomer, being simply strong cast 
iron low in silicon, sulphur, and phosphorus, and containing 
manganese. 

The steel should be in the form of punchings and shearing.s, 
and good results are obtainable from the cupola typo of melting 
furnace. 

Carbon Steels. 

Steel is the name given to wrought or nearly pure iron com¬ 
bined with a proportion of carbon, silicon, ])hosphorug, and 
other elements. The different carbon steels of commerce vary 
widely in their physical and mechanical properties. 

In general, commercial steels, which for most purposes have 
practically replaced wrought iron, are of a uniform and homo¬ 
geneous texture of finer grain than iron. 

Steels containing less than 0-2 per cent, of carbon are not 
appreciably hardened by quenching from a red heat, but are 
readily weldable, and are similar to wrought iron in their 
properties, but are more homogeneous and reliable. 

Steels containing from 0-20 to 0-40 per cent, of carbon, 
known as Mild Steels, are very widely employed for engineering 
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structural work, being much stronger and more,ductile than 
wrought iron. 

Such steels arc capable of being appreciably hardened by 
quenching from a red heat, and can be welded, but with rather 
more difficulty than in the case of pure iron. 

Steels containing over 0-4 per cent, of carbon are capable of 
being hardened and tempered,* and are stri)nger and harderf 
than the precaiding steels in proportion to their carbon eont(mt. 

The maximum ))ercentage of carbon in commercial steels is 
about 1-.5, and corresponds to the composition of oast, tool, and 
file st('els, wliioh when hardened are ((xtremely hard, and are 
capable of scratching glass, although at the satne time they 
are brittle. 

Specific Gravity.— The specific gravity of steel is affected by 
its composition and by the heat-treatnumt to which it is sub¬ 
jected. 

Eor 0-3 per cent, carbon steel, the S.G. is 7’855, whilst for 
1-08 per cent, carbon steel, it is 7-803 in the ingot state; rolling 
and mechanical treatment increase the density by from ()-5 to 
1-2 per cent. 

A good average value of the S.G. for mild steel is 7-85, a 
cubic fo<it weighing 490 pounds. 

Methods ot Manufacture. 

The three iwincipal methods of making steel are as follows 
—namely: (1) The Cementation Process, (2) The Bessemer, 
and (3) The Hiemens-Martin or Open-Hearth Process. 

The Cementation Process. —In this method steel is produced 
by adding carbon to wrought iron. Bars of wrought iron, 
surrounded by charcoal in a fireclay box, are heated to redness 
for a long period, the carbon gradually penetrating inwards 
from the outside; the period of time required to carburize a 
bar of iron of J inch diameter is about thirty-six hours. 

The steel jaroduced by this process is known as Blister Steel, 
ow'ing to its blistered appearance when withdrawn from the 
furnace. This steel is broken up into pieces about 18 incbo.s 


* See p. 321. 


t See pp. 322 and 323. 
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long, which, in turn are bound together with steel wire in 
bundles, or are piled; the bundles or piles are heated to a 
welding heat, and forged under a mechanical or steam hammer, 
and rolled. The resulting product is called Shear Steel. If the 
above process be repeated upon this steel it becomes Doable 
Shear Steel. 

Cast Steel is obtained by melting the broken pieces of blister 
or shear steel, which are initially produced from a pure brand 
of wrought iron, and casting into ingots; fireclay crucibles 
containing graphite arc used for th<! purpose of melting, and 
each pot usually contains from 40 to 60 pounds of steel. The 
best grades of cast steel, which are produced from the purest 
brands of iron, containing only minute quantities of sulphur 
and phosphorus, after having been obtained in the ingot form, 
are reheated and rolled into bars, which are then given the 
name of Tool Steel. Both cast and tool steel contain a higher 
percentage of carbon* than any of the other catbon steels, and 
are therefore capable of greater hardness and strength when 
suitably treated. 

The Bessemer Process. —In this process steel is obtained 
from cast iron by removing most of the carbon from cast iron 
(or decarburizing). Cast iron is melted in a “ converter,” and 
a blast of air is then sent through the molten metal; the oxygen 
of the air deoarburizes (and oxidizes the silicon of) the iron, the 
remaining metal being nearly pure iron. In order to convert 
this molten iron into steel a charge of spiegeleisen —which is a 
mixture of iron, carbon, and manganese—or of ferro-manganese 
is introduced, after the air blast is stopped, and after the 
elapse of a certain period the molten metal is poured out into 
moulds to form ingots. The ingots are then reheated and 
rolled into bars of various sections. 

Most of the steel used for rails and structural work is made 
by the Bessemer process. 

The Siemens-Martin Process. —This method consists in melt¬ 
ing a mixture of cast iron and wrought iron, or of oast iron and 
certain iron ores and fluxes, in the hearth of a reverberatory 


♦ See Table Lll. 
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furnace, so that part of the carbon of the cast iron is retained 
by the wrought iron and the resulting steel contaiife the correct 
amount of carbon for its specified purpose. 

The lining of the furnace and the fluxes are usually arranged 
to contain strongly basic substances, such as lime and iron 
oxide, in order to remove the phosphorus, and the process is 
then known as the Basic Open Hearth one. 

If the lining or fluxes contain much silica the removal of 
the phosphorus is partially prevented, and an acid slag is 
formed. 

Steel made from special ores and irons, in furnaces containing 
much silica in the linings or slags, are known as Acid Open 
Hearth ones. 

Most of the carbon steels used for railway axles, tyros, shafts, 
structural angles, channels, etc., are made by the Siemens- 
Martin process. 

English Steel Practice. 

Prior to 1!)14 about one-third of the steel production* was 
made by the “ basic ” process, and the remaining two-thirds 
by the “ acid ” process. The present output of “ basic ” steel 
is from two-fifths to three-fifths of the total, f showing a 
gradual reversion to this method of steel manufacture. 

Converters and furnaces lined with ganister or silica bricks 
—that is, with an “acid” lining—are not suitable for pig- 
irons containing a high phosphorus content, whereas those 
lined with “ basic ” linings of magnesite and calcined dolomite 
are widely used for high-phosphorus ores and irons, as the 
lining holds the oxidized phosphorus from the ores, and gives 
a basic slag. 

The adoption and extension of the basic process enables a * 
much wider use to be made of the English iron ores, which are 
lower in ferric oxide and higher in phosphorus than the imported 
ores from the Continent, which are chiefly “ haematites,” rich 
in iron and low in phosphorus. 

* About million tons annually, 
j" About 10 to 12 million tons, 1918-19. 
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Classification o! Carbon Steels. 

Steel may be divided into four principal classes according 
to the carbon content, as follows: 

1. Soft, or Low, Carbon Steel, which contains from 0-05 to 
0-20 per cent, of carbon, and which is not capable of being 
hardened, but easily weldable. 

2. Medium Carbon Steel, containing from 0-15 to 0-45 per 
cent, of carbon; this steel can be slightly hardened, and is 
weldable. 

3. Hard Carbon Steel, containing from 0-4 to 0-7 per cent, of 
carbon, which is capable of being readily hardened, but is 
weldable with difficulty. 

4. Very Hard Carbon Steel, which contains from 0-7 to l-S 
per cent, of carbon, is capable of being fully hardened, but 
which is unweldable. 

Tyjjical micrographs of carbon steels are .shown in Pigs. 
128 to 133. 

Carbon steels invariably contain small amounts of other 
elements, such as manganese, silicon, sulphur, or phosphorus, 
often for a specific purpose, but these steels may conveniently 
be classified according to their carbon contents and applica¬ 
tions, as shown in Table Lfl. 

Effect oi Presence of Small Amounts of other Elements. 

The effect of relatively large amounts of elements other than 
carbon will bo considered at a later stage under the heading 
of Alloy Steels; but in connexion with the influence of small 
quantities of elements such as manganese, silicon, sulphur, 
etc., in medium and low carbon steels, it is known that those 
have a certain influence upon the mechanical and physical 
properties of carbon steel. 

Manganese, which is usually introduced in the form of an 
ore, such as ferro-manganese, during the process of making the 
steel, for eliminating the silica and iron oxide, often remains in 
small quantities in the steel. It tends to behave in the same 
way as carbon in its influence upon the hardness and strength 
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TABLE LII. , 

Applications of Steels of Different Carbon Contents. 


Percentw/e of Carbon.] 


Applications. 


0*1 

to 0*2 

0-2 

to 0-4 


0-4 

to 0*5 

0*5 

to 0*6 

0-6 

0-7 

to 0-7 

to 0-8 

0-8 

to 0-9 

0*9 

to 1-0 

1-0 

to 1-10 

MO to 1-50 


Case-hardening steels, mild steel bars, rails, boilers, 
bolts, nuts, j^ns, sheets, tubes, and for general 
purposes. 

Medium carbon steels, axles, high-speed shafts, 
lathe spindles, levers, gear shafts, axle tubes, 
torque tubes; strong bolts, nuts, and pins; “40” 
ton steel; drop-forgings, pressings, stampings, and 
castings; rods, tubes, and sheets. 

Automobile steels, steel rails, high-tenailc steels; 
drop-forgings, pressings, stampings; steel castings. 

Tools for hot work and battering tools. 

Steel castings. 

Tools for hot work and dull edges. 

Battering tools, <!old sets, and some forms of reamers 
and taps; miners’ tools, hammers, general dies 

Cold sets, hand-chisels, drills, taps, reamers, dies; 
smiths’ tools, large shear blades, masons’ tools. 

Chisels, drills, dies, axes, knives; best all-round 
tool-steel. 

Axes, hatchets, knives, large lathe tools, small drills 
and dies, circular cultcrs, small shear blades, laigo 
taps, hot sets, ball bearings, balls, and rollers. 

Lathe tools, engraving tools, planing tools, seribers’ 
scrn[K“rs, small drills, small culti-rs, small puiudies. 


of the steel. The amount of inangane.se present in low and 
medium carbon .steels (up to 0-5 per cent, carbon) u.sually 
varies from 0-10 to 1-0 per cent. 

Table LI fl. on p. 320 shows the cornposition.s and meohanical 
properties of carbon steels containing manganese. 

Tile effect of silicon is to make steel harder, and, up to a 
certain amount, is considered an advantage in connexion with 
the production of sound material and for its deoxidizing 
qualities. Medium steel sjieeiiications usually limit the maxi¬ 
mum permissible amount of silicon to about 0-06 or 0-08 per 
cent. Up to O'10 per cent, of silicon is allowed in steels for 
forgings, more especially in connexion with guns, and for hard 
rails, tyres, and springs. 

Silicon is used in making steel castings in order to reduce the 
temperature of fusion and to prevent blowholes. Erom O'lO 
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to 0-50 per cent, of silicon is usually present in steel 
castings. 

Phosphorus and sulphur, .should both be kept as low as 
possible in the case of steel; neither should bo allowed to exceed 
0-05 per cent, in low, medium, and hard carbon steels. Sulphur 
above about 0-8 per cent, makes steel “ red short,”* but 
phosphorus up to 1-0 per cent, does not appear to affect steel 
so markedly as in the case of iron. 

Stnall quantities of copper and arsenic tend to make steel 
red short. 

Mechanical Properties of Carbon Steels. 

Low-carbon steels, containing about 0-15 to 0-20 {)er cent, of 
carbon, have, in the rolled state, a tensile strength of from 28 
to 30 tons iier s(iuare inch, with a corresponding elongation of 
about 25 2 >er cent. uj)on ah 8-inch length. 

The tensihi (and also the compressive and shearing) strength 
increases with the i)erccntage of carbon, but the plasticity, 
ns indicated by the percentage elongation, diminishes, as 
also does the contraction in area. , 

High-carbon steels, containing from 0-8 to 1-0 per cent, of 
carbon, have, in the rolled or natural form, a tensile strength of 
from 45 to 55 tons per square inch, with a corresponding exten¬ 
sion of from 14 to 8 per cent, upon an 8-inch length, the reduc¬ 
tion of area being from about 15 to 10 per cent. 

The strength and ductility of a given carbon steel deiJends 
to a large extent upon the mechanical treatment which it 
receives; for examjjle, the tensile strength of a high-carbon 
steel wire, produced by successive wire-drawings through dies, 
varies from 80 to 120 tons per square inch, whereas that of the 
initial rod is about 40 to 50 tons. The mechanical properties 
also depend very largely upon the hardening or tempering 
processes to which the steel (if it is a “ hardenable ” type) has 
been subjected. 

The effect of the carbon content upon the strength and 
ductility of carbon steels, in the rolled or natural form,f in the 

* Soe !>. 290. f I.e., not heat-treated in any way. 

I. 21 
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case of a number of Bessemer steels tested by Bauschinger 
is shown graphically in Fig. 162, whilst the tabular results are 
given in Table LIV. 

An examination of the results shows that the clastic limits 
in tension and compression both increase with the carbon 
content. The ultimate tensile strength also increases with the 
amount of carbon, but not in direct proportion. 



Fio. 162 .—Effect of Carbon uton the Strength and JIuctujtv of 
Steel. 

The following formula for the tensile strength of carbon 
steel, in terms of the percentage of carbon C,* is given by 
Bauschinger; 

Ultimate Tensile Strength=27-6 {1 +0^) tons per square inch. 

The percentage elongation and contraction of area both pro¬ 
gressively diminish with increased carbon content. 

The Moduli of Elasticityf in tension and compression do not 
appear to vary greatly with the carbon content, although there 
is a small diminution in their value with increased carbon 
content. 

* See also p. 265. 

t Bauschinger’s values are now considered to be about 7 or 8 per cent, 
too high. 


%£/on<jot7ort on >6 inches 




Effect of the Carbon Content upon the Mechanical Properties of Carbon Steels. (Bauachinger.) 
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The mean value of the Elastic Modulus E, obtained for 
medium and high carbon steel, as deduced from the results of 
independent experiments, is about 13,200 tons per square 
inch. 

The Modulus of Rigidity C varies from 5300 to 5700 tons 
per square inch, according to the percentage of carbon, as 
shown in Table LIV. 

The shearing strength increases with the percentage of 
carbon in a similar manner to the tensile strength. 



Fio. 163. —Sheet Cakbon Steel. Ktched. x 500. 


Mild Steel Plate and Bar. 

The strength of mild steel plate is approximately the same 
along and across the direction of rolling, although it is slightly 
greater along the rolling direction, and the percentage elonga¬ 
tion is from 10 to 15 per cent. less. 

Fig. 163 shows a typical micrograph of sheet steel, in W'hich 
the effect of rolling on the flow lines can be clearly seen. 

The tensile strength of thin plates is usually greater than 
that of thicker plates in the rolled state, due to the relatively 
greater hardening effect; the same effect is also found in the 
case of rolled bars. Thus the tensile strength of a |-inch 
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diameter iron bar was found to be 24-1 tons pfr square inch, 
whilst that of a 21-inch diameter bar of the same material was 
21 •! tons per square inch. 

The tensile strength of good mild steel plates* of from J to J 
inch thickness varies from 25 to 28 tons per square inch, with 
an elongation of from 25 to 30 per cent, on 4 inches. 

The ctfect of bright drawing mild steel bar, even of low- 
carbon content, is to increase its tensih; strength and hardness, 
bnt to reduce its elongation, as the following figunjs of Grorensf 
show in the case of 0-12 per cent, carbon steel: 


TABLE LV. 

Efkkot of Biuoiit Dkawfno Low C.vjibon Steki,. 


t 

Treatment. \ 

Tensile 
Siren‘jth, 
Tons per 
Squau’ Inch. 

Klonijation 
per Cent. 

Iteduclion 
of Area 
per Cent. 

1. Hot rolled (imtn'iitod) .. 1 

eii-:! 

:i2-7 

7lb0 

2. Subjoctcil to 1 drawing 

:!3’C> 


bo*:! 

3. Subjected to 2 ilrawing.s .. 

S8’’2 

10-2 j 


4. Subjected to 0 drawings .. 

ali-V 


;io*o 


The hardness was increased from about !10 to 180, on the 
Brinell scale, from Conditkin No. I to No. 4. 

In Table LVT. the results of tests* iqjon bright drawn mild 
steel bars also show the hardebing effect of rolling in the 
case of the smallest bar. 

Low-Cjttbon Steel (Case-Hardening). 

iSteels containing umhu' about O’15 j)er cent, of carbq?i are 
employed for parts in automobile and aircraft work which 
require case-hardening after manufacture, and in cases whorb 
expense prohibits the use of an alloy steel. 

The tensile strength of the material in the untreated state 
varies from 23 to 33 tons per square inch according to the 
carbon content. 

* Corresponding to a carbon content of from 0*18 to 0'2o per cent. 

t “Carnegie Scholarship Memoirs,” 19U, No. HI. 

I Manufactured by Messrs, Flather, Ltd., Sheffield. 



326 AIRCRAFT AND AUTOMOBILE MATERIALS 


TABLE LVI. 

Tensij^e Test Resui^ts for Bright Drawn Mild Steel 
Bar (Untreated). 


Diameter of Bar. 

1 \ inches. 

1 

f inch. 

\ inch. 

Elastic limit (tons per sipiare 
inch) .. 

29-60 

29-81 

3G-5G 

Tensile strength (tons per 


1 


square inch) .. 

32-14 

32*(>8 

42-05 

Elongation on 2 inches (per 




cent.) 

44-0 

33-5 

! 14-0 

Reduction of area (per cent.) 

52-2 

Ol-O 

1 

! 53-8 


The following are the Engineering Standards Committee’s 
Specifications* for low-carbon steels for case-hardening.: 

(A) E.S.C. “10” Carbon Case-H\iit>ening Steel. 

Chemical Composition : 

Carbon 
Silicon 
Manganese 


0*08 to 0*14 per cent, 
not over 0*2 ,, 

M 0-bO 

„ 0-04 

„ 0-04 


Sulphur 
Pliosphorus 

Check Test. —When normalized at 900'^ to 920® C. this steel shall pass 
in every particular the following check test 


Tensile breaking strength 
Yield ratio 
Elongation 
Reduction of area 


23 to 28 tons per square inch, 
not less than 50 per cent. 

„ 30 

„ „ 50 


The Brinell hardness number shall be approximately 92 to 112. 

(B) E.S.C. “15” Carbon Case-Hardening Steel. 
Chemical Coynposilion : 


0*12 to 0*20 per cent, 
not over 0’20 ,, 

0-65 to 1-00 
not over 0*07 „ 

„ 0-07 „ 


Carbon 
Silicon 
Manganese 
Sulphur 

n Phosphorus 

Check Test. —When normali/xd at 890® to 920® C. this steel shall pass 
in every particular the following check tost 

25 to 33 tons per square inch, 
not less than 50 per cent. 


Tensile breaking strength .. 
Yield ratio 


Elongation .. 
Reduction of area 


28 

60 


The Brinell hardness number shall bo approximately 103 to 143. 


* “ British Standard Specifications for Wrought Steels for Automobiles,” 
June, 1918, 
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Table LVIJ. gives particulars of the chemical composi¬ 
tions, methods of heat treatment, and mechanical test proper¬ 
ties of some typical case-hardening mild steels. 

Applications of Low-Carbon Steels. —From the point of view 
of the automobile and aircraft engineer this steel is not used 
to any appreciable extent, except for the cheaper, more easily 
machined parts, subjected to wearing action, and therefore 
requiring a hard .skin or surface. It is primarily used for parts 
not subjected to high stresses, such as gear-wheels, caiu-shafts, 
pins, levers, .spindles, worm and worm-wheels, valve tajipets, 
starting dogs, constant me.sh pinions, sliding junions, cams, 
etc. 

This class of case-hardening steel is fairly easy to carburize 
to any depth, and if properly treated gives a much harder skin 
than any alloy steel, but possesses a much lower core tensile 
strength. 

Particulars of case-hardening ])roecsse.s will be found in 
Chapter VIII. 

Low-carbon steel tubes and plates arc sometimes used 
for miscellaneous fittings in automobile work on account of 
the ease with which they can be manipulated, brazed, and 
w’elded. 

Medium Carbon Steels [0-2 to 0-5 per cent. Carbon], 

This type of steel is used for inexpensive^ classes of automobile 
work, and with suitable heat treatment can be made to give 
tensile strengths of from 40 to 50 tons per square inch. This 
steel is also used for bolts, nuts, and washers, lor drop- 
forgings and aeroplane cylinders of rotary or radial type. It 
js not suitable for case-hardening, but can be heat-treated with 
advantage. 

Steels containing from 0-4 to 0-5 per cent, of carbon are 
known commercially as “ 40-ton ” steels; it is, of course, 
possible to obtain such steels by drawing steels of a much lower 
carboa content, but these are not suitable for the same class of 
work owing to their greater brittleness (or greater hardness 
and smaller elongation). 
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Engineering Standards Committee’s Specifications— 


1. E.S.C. “20" Carbon Steel. 


Chemical Com position : 
Carbon 
Silicon 

Manganese .. 
Sulphur 
Phosphorus .. 


.. 0*lo to 0*25 per cent. 
.. not over 0*25 ,, 

.. 0-40 to 0*H5 

.. not over 0*06 ,, 
0-00 „ 


Cheek TcM .—When normalized at H!)0^ to 920® C. this steel shall pass 
in every particular the following check test 

Tensile breaking strength .. 2G to 34 tons per square inch. 

Yield ratio .. .. .. not less than 50 ])er cent. 

Elongation .. .. .. „ „ 28 ,, 

Reduction of area .. . . ,, ,, 50 ,, 


The corresfKtnding Rriiiell hardness number to bo approximately 105 


to 149. 


2. E.S.C. “35" Carbon Steel. 


Chemical Com position : 

Carbon .. .. .. 0*30 to 0*40 per cent. 

Silicon .. .. .. .. not over 0*30 „ 

Manganese .. .. .. .. 0^50 to 0*85 », 

Sulphur .. . . .. .. not over 0’06 ,, 

Chosphorus .. . . .. ,. ,, 0*06 ,, 

Cheek Text. —When normalized at 850® to 880° (J. this steel shall pass 
in every particular the following check t(*st 

Tensile breaking strength .. 30*\o 40 tons per square inch. 

^'leld ratio .. .. .. not less than 50 per cent. 

Elongation .. .. .. „ ,, 25 ,, 

Reduction of area . . .. ,, ,, 45 ,, 


The corre.spondiiig Bnnell hardne.ss number to be approximately 121 
to 179. 


Mild Steel Bar for Aircraft Work. 

* 

Bright drawn mild steel bar for making aeroplane bolts, 
nuts, washers, stampings, and forgings, can be readily 
machined, and the finished objects can be given a good appear¬ 
ance. . 

Stool of this type should fulfil the following mechanical tests: 


Yield point .. 

Tensile strength 

Elongation on 2 inches 
Reduction of area .. 


.. 25 tons per square inch. 

.. 33 to 38 tons per square inch. 

I When added together must be 
‘ ‘ ^ equal to not less than 60 per 
■ ■ \ cent. 


The Brinell hardness number in the untreated state should 


lie between 155 and 170. 
















330 AIRCRAFT AND AUTOMOBILE MATERIALS 


The Izod injpact test upon a 10 X10 mm. specimen* with a 
V notch 2 mm. deep, and angle of 45°, clamped at one end, 
should give an energy ab.sorption of from 12 to 16 foot¬ 
pounds when the specimen is striuik at 22 mm. above the 
notch. 

It is also usual to .s|wcify a bend te.st upon bars of from 1 
inch to I inch diameter—namely, that these shall be bent over 
through 180°, or double, until the internal radius is eq[ual to 
the diameter of the test piece and the sides are parallel, as 
shown in Fig. 52. 'rius .specimen should not show any cracks 
or flaws upon the outer, or tension, side after this test. 

Table LVIII. gives the chemical comjjositions, heat treat¬ 
ments, and mechanical properties of some typical makes of 
medium carbon steel. 

These steels are supplied by the manufacturer in the form 
of bars, billets, forgings, stampings, castings, tubes, and sheets, 
and examples of their use may be found in the case of loco¬ 
motive axles, high-sj)eed .shafts, lathe spindles, levers, crank¬ 
shafts,! connecting rods,! shafts, axle tubes, torque 

tubes or rods, gear levers, etc. 

For aircraft work it is usual to specify for 40-ton steel for 
forgings and stanqjings, in addition to the tensile test, the 
following additional hardness and bend te.sts: 

1. The Brinell hardness number should be from 140 to 160 
in the untreated state. 

2. A circular specimen of from .1 indi to J inch diameter, 
and of not less than 10 inches long, shall bo bent over double 
until the sides are parallel, and the internal radius of the bend 
is equal to the diameter of the specimen, without showing 
any cracks or flaws on the outer surface (i.e., the tension 
side). 

The yield point of 40-ton aircraft steel should not be less 
than 20 tons per square inch, and the respective ultimate 
percentage elongation on 2 inches and reduction of area should 
be about 24 and 40. 

* See p. 142 for shape of standard specimen, 
t In the cheaper classes of automobile and similar engines. 



TABLE LVIII. 

Composition, Tbeatmbnt, and Mechanical Peopebties op Medium Cabbon Steels, 
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Automobile 40-ton Steel. 

The medium carbon steels given upon the preceding pages 
to the E.S.C. Specifications, and also those shown in Table 
LVIII., are suitable in most cases for drop forgings and stamp¬ 
ings of an inexpensive nature, for automobile work. It is 
also used for aeroplane engine (iylinder and crank-case forgings. 

The following analysis and mechanical test results refer to 
the material employed* for the Daimler motor-bus front axles 
and connecting rods. The steel employed was a tnedium 
carbon one, obtained from Swedish iron of special purity, and 
was stiff but ductile after heat treatment. 

The chemical composition was as follows: 

Carbon .. .. .. .. 0*28 to 0*3)^ per cent. 

Silicon .. .. .. .. ()-05 to 0*1() ,, 

Manganese .. .. .. .. 0*r)() to l)'(55 ,, 

Sulphur .. .. .. .. (V03 to 0*04 ,, 

Pho.sphorus... .. .. .. trace to 0*40 ,, 

The tensile test results after treatment were as follows: 

Elastic limit .. .. 28 to 32 tons per square incli. 

Tensile strength .. .. 40 to 40 ,, „ 

Elongation in 2 inches .. 20 to 25 per cent 

Reduction of area .. . . 45 to 35 ,, 

Impact test .? .. .. 00 to 70 foot-pouiul.s. 

Figs. 164 and 165 show the structure of the above steel 
before and after heat treatment respectively. 

High-Caibon Steels. 

Steel containing 0-8 per cent, of carbon and above possesses 
a fine granular texture, is very hard, even in the rolled or un¬ 
treated state, and when suitably heat-treated can bo made 
extremely hard; these steels are chiefly employed for tools, 
metals, stone, and timber-cutting inistruments. 

In the hardened state this steel is brittle, but gives a high 
tensile strength, with small elongation. 

Most tool and cast steels belong to this class, for when 
quenched from about a cherry-red heat (from 760“ to 850° C.) 
in oil or water, and then tempered (or reheated to a definite 

• “Materials for Motor-Bus Construction,” Engineering, January 17, 
1913, 
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temperature below the hardening heat) they are capable of 
yielding a very wide range of hardnesses and strengths, and 
suitable for a variety of purposes. 



Kin. IM. —Frost Axle Steel beeoiie Heat Tiie,4Tment. Etched with 
. n PER Kent. Nitric Acid in Alcohol, x IGO. 



Fin. 165 .—Front Axle Steel, after Heat Treatment. Etched with 
6 PER Cent. Nitric Acid in Alcohol, x 160. 

The following table shows the effect of the carbon content in 
high-carbon steels upon the mechanical strength properties, 
and also the effect of hardening upon these properties: 
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TABLE LIX. 


Strengths op High-Carbon Steels.* (Lebasteur.) 



Original State. \ 

Hardened in Oil. 

Hardened in Water. 

Per- 



! 







centage 


.. .1 

14' 

SoS ‘ 
1 

W “■§ : 


1 .. .1 




a . « 

of 

Carbon. 

Elastic 
Limit, 
Tons pel 
Sq. Inch 

Tensile 
Strength 
Tods pei 
Sq.Inch 

Is 

s • 

tH 5Q 

Tensile 
Strengftb 
Tuns pet 
Sq.Inch 

Si'S .5 

o ® 00 

Elastic 
Limit, 
Tons pet 
Sq.Inch 

Tensile 
Strength 
Tons pet 
Sq.Inch 

Elongatio 
per Cent 
on 8 Inch 

0-490 

14-61 

! 30-48 

24-8 

1 28-32 

44-77 

12-0 

30-48 

49-53 

2-5 

0-709 

10-56 

' 43-31 1 

10-0 

43-69 

68-00 i 

4-0 

, Broke 

in tern' 

pering. 

0-875 

20-83 

44-30 

8-4 

57-47 

67-31 

1-0 



1-060 

25-08 

.54-61 

6-2 

Broke 

in tern 

1 

pering. 





The effect of increased manganese content up to about 2 per 
cent, is to increase the tensile strength and diminish the elonga¬ 
tion; it appears to have the same effect as carbon. It also 
facilitates melting and forging of carbon steel. 

The hardness of high-carbon steel in the untreated state 
varies from about 180 to 280 on the Brinell scale. When 
hardened right out in oil or water the hardness vaiics from 
about 400 to COO. For any other temper, the hardness will be 
approximately proportional to the degree of tempering. 

Carbon steel for tools is employed commercially in about 
six different grades or “ tempers,” corresponding to the carbon 
content. 

Table LX.f on p. 335 affords particulars of typical carbon 
tool steels of different tempers, or hardnesses, with the corre¬ 
sponding carbon contents, forging, annealing, and hardening 
temperatures. 

It will be observed that the effect of increased carbon is to 
lower the annealing and hardening temperatures; this effect 
has already been pointed out.J 

The term “ straight carbon ” steel is often employed to 
carbon tool steel. 

* The test pieces were 0-8 inch in dismeter and 8 inches between gauge 
points. 

t Tool steels manufactured by Messrs. G. P. Wall (Sheffield). 

t See p. 269. 
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TABLE LX. 

Properties of Tool Steels, 


Grade of Steel. 

Carbon 

Temperatures liecommended. 

Bern arks. 

\>e.r Cent. 

Fonjinj. 

An nenlijuj. 

Hardening. 

No. 1 Temper 

i-r> 

KOO'' c. 

72(»°('. 

7(i0" (J. 

Not weldable. 

JSuitable for 

.special turiung 
and planing tools. 

No. 2 Temper 

I-2.^1 

S25°C. 

720" C. 

700" (’. 

Not weldable. 

Suitable for 

machining tools, 
twist drills, and 
small culters. 

No. 3 Tcinpei 

M25 

850° 0. 

720° C. 

700° C. 

Weldable with 

great care. Suit* 
able for large 
turning tools, 

culters, taps, 

])unches, dies 

reanier.s, etc. 

No. 1 Temper 

1-0 

875'^ (!. 

720° C. 

700° C. 

Weldable with 

care. For hot 

setts, large 

punches, large 

taps, cold chisels. 

No. 5 IVmjK'i 

0875 

1)00" ('. 

750° C. 

785° C. 

Weldable. For 

chisels, .sett.s, 

dies, smiths’ 

tools, largo shear 
blades, masons’ 
tools, etc. 

No. 0 1'empei 

(►•75 

1)50'' V. 

770° a 

800" V. 

Easily W(‘l<lable. 
For hammers, 

general dies, and 
miners’ drills. 


The chemical composition of a typical carbon tool steel is 
as follow.s: 


Carbon .. .. .. .. • • I'Oo i)er cent, 

Silicon .. .. .. .. • ■ 0'20 „ 

Manganese .. .. .. ■. 0-35 

Phosphorus .. .. • • ■ ■ O’OIS „ 

Sulphur .. .. ■. ,. ,. 0*015 „ 
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The effect of sulphur in any appreciable quantity is to 
render the steel “ red short,” whilst phosphorus causes “ cold 
shortness.” 

Both silicon and manganese, up to about 0-5 per cent, tend 
to improve the melting and forging qualities of tool steel. 

The processes of hardening and tempering are considered in 
Chapter VIII. 

It should be pointed out that the term “ tool steel ” in 
eludes also alloy carbon steels, such as tungsten, cobaltchrom, 
air-hardening, self-hardening, and high-speed tool steels. 

Steel Castings. 

Castings can be made in steel similar to those of cast iron, 
but of at least twice the tensile strength; those castings are 
now employed in place of cast-iron castings and steel forgings, 
but special ijrcoautions are necessary in order to ensure sound 
material. 

Steel melts at about 2000° C., whilst cast iron melts at about 
1500° C., so that steel castings have a much higher contraction; 
it is usual to allow about inch per foot contraction for steel 
castings. 

The greater contraction gives rise to severe internal stresses, 
but these may be obviated by judiciously employing other 
ingredients, such as silicon, aluminium, etc., and by properly 
annealing the castings after cooling. 

Sir Joseph Whitworth employed a process for subjecting 
the steel during casting to hydraulic pressure; such fluid 
compressed steel is remarkably sound and strong. 

A marked improvement in the manufacture of steel castings 
for automobile work has been made by the employment of 
electric furnaces for melting the steel, as the heat can be regu¬ 
lated much better, and there are no products of combustion 
present. 

In the Stassano* electric furnace the steel is melted in a 
closed crucible by means of an electric arc flame, which is 
directed downwards upon the metal through the slag; in this 
way the slag is always hotter than the metal, and the sulphur, 
• Fig. 223. 
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phosphorus, and other impurities are absorbed, by the slag. 
The furnace can bo rotated by an electric motor, so that the 
metal can bo stirred and uniformly mixed. 

There appear to be two principal types of steel casting used 
in high-class engineering work—namely: 

1. A soft mild casting capable of being forged, with a tensile 
strength of about 26 to 28 tons per square inch, and from 24 
to 28 per cent, elongation. 

2. A casting giving a tensile strength of about 40 tons per 
square inch, with a 15 per cent, elongation. 

Composition .—The amount of carbon varies from 0-25 to 
1-0 per cent., and of mangane.se from 0-3 to 0-7 per cent. The 
elicct of increased silicon up to 0-5 per cent., and manganese 
up to about 0-6 per cent., is to increase the strength but to 
reduce the ductility. 

The composition of a typical good Steel casting is as follows; 


Carbon 

Mangaiif^sc .. 

Silicon 

Sulpliur . 

IMiosphoius .. 

Tins clfcots of annealing am 
annealing reliov(vs any interna 


.. 0*27 to 0*30 per cent. 

.. 0-70 to 0-85 

.. 0-3 to O'-t ,, 

.. not inoro than 0-04 per cent. 

0-04 „ 

oil-toughening are important: 
strains and also improves the 


strength and ductility, as the figures in Table LXI. show. 
Annealing at a dull red heat (that is, at about 1)00° C.) should 


continue for at least twenty-four hours. 


TABLE LXI. 

Effect of Annealing and H.ardeninq Steel Castings.* 


As Cast. 

Annealed. 

Hardened and again 
.Annealed. 

Tensile 
Strength, 
Tons 'per 
Square 
Inch. 

Elongation 
per Cent. 

Tensile 
Strength, 
Tons per 
Square 
Inch. 

Elongation 
per Cent. 

Tensile 
Strength, 
Tons per 
Square 
Inch. 

Elongation 
per Cent. 

24 

1 to 5 

27 to 30 

3* to 8 

27 to 36 

12 to 20 


• Considitre, “ L’Emploi du For.*' 

23 
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TABLE LXII. 

Effect of Carbon, Silicon, and Manganese, upon the 
Strength and Ductility of Steel Castings. 
(Foster,)* 


Composition per Cent. 

Tensile 

Strength, 

Elongation 
per Cent. 

Reduction oj 
Atca 
per Cent. 

Carbon. 

Silicon. 

Manganese. 

Tons per 
Square Inch. 

on 

1*75 Inches. 

0-30 

0-22 

0-03 

31'0 

24-0 

43-8 

0-35 

C’23 

0-61 

33'0 

22*2 

41-0 

0-60 

0-40 

O'66 

45-2 

,5'd 

()*3 

0-77 

0-46 

0-07 

39*H 

!•!) 

3'3 

0-96 

0-62 

0-04 

3o’C 

I'O 

1*8 


TABLE LXIII. 

Properties of Steel Castings. (Unwin.) 


Typf. 

; Yield Point, ' 

or Elastic Limit, ■ 

1 Tons per ' 

\ Square Inch. ' 

Tensile Strength, 
Tons per * 
Square Inch. 

1 

; Elongation 
\ per Cent, on 

2 inches. 

Soft steel castings .. 

12 

27 

22 

Medium „ 

14 1 

31 ! 

18 

Hard „ 

17 ! 

38 

15 


Note ..—The values given represent tlie mininiuin limits wliich may be 
specified in practice. 

Steel castings are widely employed in shipbuilding and 
general engineering work, and are often more convenient and 
cheaper to make than steel forgings. In automobile and air¬ 
craft work these castings are employed for brackets, covers, 
spanners, pulleys, complicated parts difficult to forge or 
machine to shape, etc. Fig. 165a shows a few typical examples 
of automobile steel castings, f 

The following is an abstract from the “ Specifications of 
Steel Castings ”of the American Society for Testing Materials: 

* Proo. Inst, of Civil Engineers, vol. xc., p, 365, 
t The Braintree Casting Co, 
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These specifications cover two classes of castings—namely: 

Class A.—Ordinary castings, where no physical requirements are speci¬ 
fied. 

Class B.—Those for which the requirements are specified.^ There are 
three grades in Class B—viz., Hard, Medium, and Soft. 

Chemical Composition: 

Class A : Carbon, nob over 0*3 per cent.; phosjihorus, not over 0*06 per 
cent. 

Class B: Sulphur and phosphorus each not over 0*05 per cent. 

Physical Properties (Class B): 

TABLE LXIV. 


Tape. 

Yield Poiitt, 
Pounds jH’.r 
Square. Inch. 

Tensile Streuqlh, 
Pounds per 
Square Inch. 

Elonqaliou 
per Cent, in 

2 inches. 

Re.duelion of 
Area per Cent. 

Hard 

30,000 

80,000 

15 

20 

Medium .. 

31,500 

70,000 

18 

25 

Soft 

27,000 

00,000 

22 

30 

-. . . - . 






Bend Tests. —The test speeitnens for soft castings slmll bend cold through 
120°, and for medium castings through 00°, around a 1-iiich pin, without 
cracking on the outside of the bent portion. Hard castings shall not be 
subject to bend-test requirements. 

Heat Treatment. —('lass A castings need not be annealed unless other¬ 
wise specified. Class B castings shall bo annealed, wliich consists m allow¬ 
ing the castings to become cold, and then uniformly reheating them to the 
proper temperature to refine the grain, and allowing them to cool uniformly 
and slowly. 

Percussion Test. —The casting is suspended by chains and hammered 
all over by a hammer of a weight approved by the purchaser. If cracks, 
flaws, or weaknesses appear after such treatment the casting will be rejected. 

Aircraft and Automobile Castings. 

It is usual to specify steel castings to conform with the 
Engineering Standards Committee’s Report, No. 30—namely, 
“ Steel Castings for Marine Purposes ”—in the absence of 
later standardization. 

The tests which the castings must fulfil correspond to those 
of Grade B in this Report, which specifies a tensile strength of 
not less than 26 tons per square inch with a minimum elonga 
tion of 20 per cent. 
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The usual bending test specified is for a 1 incji square bar 
to be cast on each casting, or separately; this bar should be 
capable of being bent to an angle of 120° without signs of flaw, 
or cracks. 

The steel castings used for motor-bus work, and made by 
the Daimler Co.,* were made from htematite pig iron melted 
in a special furnace and then blown, so that no additional 
sulphur was taken up as in the case of the ordinary methods 
where the metal is melted in onc^ cupola and then transferred 
to the converters before being blown. 

The castings were normalized after fettling by heating up to 
a temperature above the recaleseent point and allowing to cool 
slowly. 

Oil-Quenching. 

For certain purposes the castings are “ oil-toughened ” by 
heating up to the same temperature and quenching in oil. 

The effect of oil-quenching is to refine the grain, and to raise 
the tensile strength by a few tons per square inch, and to 
increase the elongation. 

The impact test value before oil-toughening is about 10 
to 12 foot-pounds, whereas after the process it is increased 
to from 25 to 45 foot-pounds according to the size of the 
casting. 

The following is given as an average analysis of the steel 
castings made by Me.ssrs. Daimler: 


Carlioii 


.. 0*20 to 0*24 per cent. 

►Silicon 


.. n-18 to 0 - 2:2 

Sulphur 


.. ()-()15 to 0’030 „ 

1‘hosphorus 


.. 0-024 to 0-04 „ 

Manganese 


.. 0-00 to 0-70 

The mechanical test results corre.si)onding are: 

Elastic limit .. 


.. 20-6 tons per square inch. 

Tensile strength 


.. 30 

Elongation in 2 inches 


.. 22 to 25 per cent. 

Reduction of area 


.. 35 to 40 ,, 


* “ Materials for Motor-Bus Construction,” Engineerimj^ January 17, 
1913. 
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Figs. 166 and 167 show typical micrographs of the steel 
structure of the above castings before and after annealing; 



Kio. Kif).-- Automohii.f. STEEr. Castinh iiefohe }Ieat Theatment. 
Etciiei) with '> I’Eit C'ent. Nitkk; Acid in Ai,conei,. x Hid. 



Fia. 107._ Automobile Steel Castinu after Heat Treatment. 

Etched with 5 per Cent. Nitric Acid in Alcohol, x 100. 

the effect of the latter process upon the granular structure is 
marked. 



CHAPTER VI 


ALLOY OR SPECIAL STEELS 

Thb terra “alloy” steel is rather a inisnoraer, for there is 
no so-called carbon steel which is entirely free from elements 
other than carbon. 

Carbon steels invariably contain small percentages of silicon, 
manganese, sulphur, and phosphorus, and it has been found 
that the presence of small quantities of silicon are a distinct 
advantage; and the same applies to manganese. Both of 
these elements are usually kept down below 1 per cent, in 
carbon steels. 

When other elements, such as nickel, chromium, vanadium, 
or tungsten, are introduced, even in small amounts, the 
properties of the steels formed arc affected in a marked manner; 
similarly, when cither the manganese or silicon content is 
noticeably increased the properties of the steel are altered. 

These, steels are usually termed “ alloy ” or “ special ” 
steels, and they possess peculiar strength and fatigue-resisting 
qualities, which render them very suitable for aircraft and 
automobile work. 

In aircraft work, where maximum strength for weight is of 
primary importance, alloy steels have almost entirely sup¬ 
planted the older mild steels. 

Eor automobile work, where the parts are subjected to^ 
repeated and reversed stresses duo to road shocks, torque 
variations, and similar causes, alloy steels are now widely 
employed. 

These steels are more expensive than carbon steels, more 
difficult to work, and require, as a rule, considerably more care 
in the heat treatment necessary for the development of their 
special properties. 


343 
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In certain instances, such as in the case of malleable iron 
and steel castings, carbon-steel stampings and forgings, and 
in the case of parts requiring a very hard skin after case- 
hardening, iron and Carbon steels are found to possess certain 
advantages in the matter of cost, convenience, and treatment, 
and are therefore widely used for their particular purposes. 

The properties of a carbon steel of given carbon content can 
be varied over a very wide range by the addition of small 
amounts of certain elements, such as nickel, chromium, vana¬ 
dium, or tungsten, which affect the nature of the; carbon and 
iron in the structure of the resulting metal. 

The following results show the effect of the above elements 
upon the mechanical properties of steel of 0-30 per cent, carbon 
content in the untreated condition: 


TABI.E LXV. 

Effect of Different ei.bments upon the Proi’erties 
OF O',30 per Cent. C.vrbon Steel (untreated). 


Other Element^ Present. 

Yield 
Point, 
Tons per 
S</narc 
Inch. 

j Tensile 
\ Etrcfujih, 

! I'ons per 
k^qnarc 
Inch. 

' Klon<iatton 
on 2 Inchc'-^, 
per Cent. 

licdnction 
of A)ai 
per ('enf. 

Plain 0*30 per cent, carbon 

1 




stool 

17 

. 20 

30 

55 

With 3 per cent, nickel .. 

24 1 

42 

24 

45 

With 3*5 per cent, nickel 
and 0‘75 per cent, chro- 


1 

1 



mluni 

43 

.'•>2 

17 

45 

With 1*3 per cent, chro- ; 





mium and 0-18 per cent, 
vanadium 

44 i 

55 

10 

45 

With 12*0 per cent, chro- 





mium .. 

38 ' 

48 

' 20 

1 

47 


By heat-treating the.se steels their mechanical properties 
can be varied over a very wide range as compared with plain 
carbon steels. 

In general, as the percentage of carbon in alloy steels in¬ 
creases, so does the yield point and tensile strength increase 
and the elongation decrease. 

The maximum percentages of carbon occur in high-speed 
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tool steels, in which from 0-8 to about 1 -8 per cent, of carbon 
occurs. 

Almost all of the modern alloy steels contain below about 
0-45 per cent, of carbon, as a reference to Table LXViri. 
will show. 

Classification o! Alloy or Special Steels. 

Steels employed in aircraft and automobile work may bo 
classified either according to their compositions and heat 
treatments or according to the nature of the loads or stresses 
to which they arc particularly suited. In the following con¬ 
siderations the former method will be primarily followed, as 
it affords a more convenient means of referwice. 

The second method is of interest from the designer’s point 
of view, and consists in dividing the types of loading which 
occur in practice into classes, and tlum allotting to each class 
all appropriate steels. 

There ai'c live jirincipal classes of nu'chanical actions, each 
corresponding to distinct conditions of strength and wear 

occurring in automobile and aircraft work—namely: 

r, 

(a) iSim|il(? shear, tension, or compre.ssion. 

(b) Alternating shear, tension, or compression. 

(r.) .Sudden blows, shocks, or impacts, causing simple 
stresses. 

(</) Pure wearing or abrasive action, with light stresses. 

(c) Pure wearing or abrasive action, with alternating or 

impact stresses. 

Many other conditions of combined stresses and abrasive 
actions may, and often do, occur in practice, but tho-abovc 
represents a convenient and representative classification. • 

In class {a), and more especially in cases where weight 
considerations are secondary to those of convenience and 
economy of manufacture, the low and medium carbon steels 
may be employed—for example, for chassis frames, tic-rods, 
brackets, etc., on automobiles. 

Classes (6) and (c), which occur in aircraft, aero-engine 
and automobile work, are usually associated with weight 
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economy conditions, and are frequently unassociated with 
cheapness considerations; they therefore almost invariably 
require the highest grades of alloy steels suitably heat-treated, 
and especially appropriate to their particular purposes—for 
example, the nickel, nickel-chrome, and chrome-vanadium 
steels are very suitable for these two classes. 

Class {d) demands, ns a rule, only a good wearing surface 
material. Cast iron is particularly suitable in many cases, 
such as for pistons and cylinders, valve-seatings, etc. 

Case-hardened mild steel is also appropriate for machined 
parts where cost and high-core strength are not essential. 
This material is easy to machine and cheap, and can be given 
a glass-hard surface by case-hardening. It is employed for 
small pins, forgings with wearing parts, bolts, nuts, forks, and 
eyes, and almost all lightly stressed members subject to abra¬ 
sive action. 

Class (e) combines the requirements of classes (6), (c), and 
(d), and necessitates the use either of a case-hardening alloy 
steel, such as low nickel or nickel-chrome steel, or of a hard¬ 
ened alloy or carbon steel, such as a quenched or quenched 
and tempered alloy steel or high carbon steel. Air-hardening 
nickel-chrome and tungsten-steels are suitable for this pur¬ 
pose, and in cases where high simple stresses occur combined 
with abrasive action. 

Ball-bearing components are examines of this latter type 
of “ high simple stress with wear ” class. 

Effect of Heat Treatment. 

It is possible to employ the same alloy or carbon steel for 
different classes of work by simply varying the heat-treatment. 
*In particular, the alloy steels are frequently employed in a 
variety of degrees of hardness and strength, obtained purely 
by heat-treatment processes, for a variety of different purposes. 
As an example might bo quoted a typical nickel-chrome, oil- 
hardening steel* for which the following results are obtained 
by heat-treating in the manner specified: 

* Manufactured by S. Osborne and Co., Sheffield. 
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TABLE LXVI. 

Variation of the Mechanical Properties op Nickel- 
Chrome Steel by Heat Treatment. 


Condition. 

Elastic 
Limit, 
Tons per 
Square 

1 nek. 

Tensile 
Strength, 
Tons per 
Square 

1 nek. 

Elongation 

on 

2 Inches, 
per Cent. 

Reduction 
of A rea 
per Cent. 

Brinell 

Hardness. 

1. Annealed .. 

2. ()il-qu(‘[ich(Ml from 

8^5“^ (’. and tom- 

;n 

45 

45 


212 

porod to (\ .. 

d. Od-qufuchod from 
835'^ and tom- 

fi2 

or> 

19 

GO 

302 

lipFod to 400° ('. . . 
4. ()d-qiK‘n<’he<l from 
82i)° (1. an<l tom- 

78 

89 

12 

45 

387 

pared to 200° (’. .. . 

1)7 

101 

10 

40 

477 


This steel in the annealed condition would be suitable for 
bolts, studs, and small parts subject to vibration, whilst in the 
heat-treated condition would be appropriate for crank-shafts, 
connecting-rods, torque members, etc. 

Figs. 1()8, !()!), and 170 show ifi a very convenient graphical 
manner how the tempering jirocess affects the properties of 
nickel-chrome, air-hardening nickel-chrome, and chrome- 
vanadium steels, respectively, after quenching from the 
temperatures stated upon the diagrams. 

Fig. 108 refers to Messrs. Allen’s* nickel-chrome steel 
(N.C.S.) which is suitable for parts subjected to shocks, or 
impacts and alternating stresses, such as crank-shafts, gear- 
shafts, connecting-rods, axles, pins, links, etc. 

Fig. 109 refers to a chrome-vanadium steel also made by 
Messrs. Allen, and which is much used for automobile work.’ 
It is easier to machine and stamp than nickel-chrome steel, 
but can bo employed for the same purposes. 

Fig. 170 represents the properties of an air-hardening nickel- 
chrome steelf containing [0-25 to 0’35] per cent, carbon, 0-45 

♦ Messrs. Edgar Allen and Co., Sheffield, 
t Manufactured by Messrs. Vickers, Ltd., Sheffield. 
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IMICKEL CHROME STEEL 



Fia. 168. —Mechanicai, Properties of Nickel-Chrome Steel for Different 
Tempering Temperatures. 
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CHIK)ME VANADIUM STEEL 



Fia. 169. —.Mechanical PkopektiE3 or Chrome-Vanadium Steel for 
Different Tempekino Temperatdees. 
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percent, manganese, [3-50 to4-25]per cent, nickel, and [1-0 to 
1-5] per cent, chromium. 



Fiq. 170.—Mechanical Pkoperties of Air-Hakdenino (Nickel-Chrome) 
Steel for Various Tempering Temperatures. 


Referring again to Fig. 168, it will be seen that, as the 
temperature of tempering increases, the yield point, tensile 
strength, and hardness decrease, whilst the percentage elonga¬ 
tion and imp 3 .c(i value progressively iperease. 
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In the case of the air-hardening nickel-chrorre steel shown 
in J'ig. 170, the Brinell hardness for the air-hardened state 
from 820“ C. is 420, whereas when reheated to 050° C., it is 
about 250. The corresponding values of the tensile strength 
are 107 and 56 tons per square inch respectively. 

Classification according to Compositions. 

Reverting once again to the question of classifying alloy 
.steels* according to their constituents, the method proposed 
by Dr. Guilletf for French automobile steels divides these into 
six different classes, as follows: 

1. .Steels with low carbon and low nickel contents (carbon, 
from 0-1 to 0-25 per cent.; nickel, from 1 to 6 per cent.) 
suitable for parts requiring case-hardening and quenching, 
and appropriate for shafts, gears, pins, cams, etc. 

2. Steels with medium carbon contents and low percentages 
of nickel (carbon, from 0-25 to 0-40 per cent.; nickel, 1 to 0 
per cent.), which require quenching and tempering, and are 
suitable for shafts, connccting-rods, axles, forgings, etc. 

3. .Steels with low carbon content and high percentages of 
nickel (carbon, from OT to 0’2 per cent.; nickel, from 32 to 36 
per cent.), suitable for exhaust valves and “ non-corrodible ” 
parts. 

4. Chrome steels, containing high carbon content and low 
chromium content (carbon, 1-0 to 1-2 per cent; chromium, 
1-0 to 25 per cent.), suitable for bearings. 

5. Silicon steels, containing medium carbon and silicon 
contents (carbon, from 0-3 to 0-7 per cent.; silicon, 0-8 to 2'5 
per cent.), suitable for sjarings. 

6. Nickel-chrome steels of medium carbon content (carbon, 
from 0-25 to 0-45 per cent.; nickel, from 2-5 to 2-7 per cent.; 
chromium, from 0'275 to 0-6 per cent.), suitable for a variety 
of automobile parts subject to shock, but requiring a certain 
degree of hardness. 

fijnee Guillet’s classification other typos of alloy steels have 
• Hee p. 345. 

t Journal of Iron and Insiituie, vol. ii., p. 166- 
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been developed, which tend rather to extend the number of 
classes than to alter the existing ones. 

The author has adopted the following method of grouping 
the present alloy steels, ba.sed primarily upon their respective 
compositions, and also upon their applications: 

(A) Case-Hardening Alloy Steels, including 2 per cent, nickel, 
3| per cent, nickel, 5 per cent, nickel, and nickel-chrome 
steels. 

(B) Nickel Steels, including 3 per cent, nickel ujj to 0 per 
cent, nickel, and 25 j)er cent, nickel steels. 

(C) Nickel-Chrome Steels, including carbon, from 0-15 to 0-35 
per cent.; nickel, from 2 to .6 per cent.; and chromium, froin 
0-3 to 1-6 per cent, (includes air-hardening steels). 

(D) Chrome-Vanadium Steels, including from 0’2 to 0-5 per 
cent, of carbon, from 1 to 2 per cent, of cliromium, and 0-10 
to 0-3() per cent, of vanadium. 

{E) High Chrome Steels, or “stainless” stills, containing 
from 0-3 to O-oOpc'i-cent, of carbon, and from 11 to 14 per cent, 
of chromium. 

(F) Silicon, and Silico-Chromium Steels, for springs, with 
carbon, from O-ti to -01 per cimt.; silicon, from 0-2 to 2-6 j)er 
cent.; and chromium, from 0 to O-H pcT cent. 

((?) High Manganese Steels, or “ non-magnetic ” steels, with 
from O'C to 1-4 per cent, of carbon, and from 11 to 1.5 per cent, 
manganese. 

{II) Tungsten, or " high-speed and magnet steels,” containing 
carbon, from O’G to 1-8 per cent., and tungsten, from 4 to 15 
per cent. 

There are many other types of special alloy steels, such as 
nickel-chrome-vanadium, nickel-vanadium, chrome-tungsten, 
‘cobalt-chrome, carbon-vanadium steels, and no doubt many 
new steels will bo discovered in the future which come outside 
any of these classes. Tool and high-speed steels* are also in a 
class by themselves. 

Table LXVII. shows in convenient form the compositions 
and applications of the previously mentioned steels in the 

* Further reference to the properties of these steels is pi^de upon 
p. 387. 
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TABLE LXVIIl.— The Pbope^ 


« 


Chemical Analy¬ 
sis {Cotn'position 
per Cent). 

MaUrial. 

1 

llzat Treatment 

Carbon. 

Silicon. 

Vickcrti’ 3 per cent, nickel 

Normalized at 840® C. 

0-25 to 

0-36 

steol 


0-37 

(max.) 

Ditto .. .. .. 

Oil-hardened at 840° C., and tem¬ 
pered at 550° C. 

” 

0-30 

Firth’s 3 percent, nickel 

Oil-hardened at 850° C., and tern- 

0-30 to 

steel 

pored at 030° C. 

0*40 

(max.) 

Allen’s 3 per cent, nickel 
steel 

Oil-queiichod at 850° C., and tom- 
])crod at 500° C. 

— 

— 

Vickers’ mild nickel- 

Oil-hardcncd at 830° C., and t(*m- 

0-18 to 

0-35 

chrome steel 

pored at 500° to (500° C. (prefer¬ 
ably 000° C.) 

0-25 

(max.) 

Vickers’ medium nickel- 

Oil-hardened at 825° 0., and tern- 

0-25 to 

0-3£i 

chrome steel 

perod at 500° to 020° C., followed 
by oil or water quenching 
Oil-hardencd at 820° C., and toni- 

0-35 

(max.) 

Vickers’ hard nickel- 

0-30 to 

0-35 

chrome steel 

pored at 550° to 000° C., followed 
by oil or water quenching 

0-40 

(max.) 

Firth’s nickel - ehromc 

Oil-liardened at 830° C., and tern- 

0-2S to 

0-30 

steel 

perod at 000° C., followed by 
(|ucnching 

0-34 

(max.) 

Firth’s air - hardening 

Air-hardened at 810° C. [May also 

0*25 to 

0-30 

nickel-ciirome steel 

be toinpored at 250° C. to improve 
the elongation for same tensile 
strength] 

0-32 

(max.) 

Vickers’ air • hardening 

Air-hardening and temiiered bet ween 

0-25 to 

0-35 

nickel-chrome steel 

,500° and 040° 0. 

0*35 

(max.) 

Ditto 

Air-hardened at 820° C., tempered 
at 200° C. and quencheil 
Oil-hardened at 850° C., tempeied 

” 

»» 

Firth’s chrome-vanadium 

0-37 to 

0-30 

steel 

at 050° C. 

0-42 

(max.) 

Firth’s stainless chrome 

Oil-tiardcned at 900° C., tempered 

0’30 to 

0-30 

steel 

at (>00° C. 

0-50 

(max.) 

High nickel steel (non¬ 
magnetic) 

Quenched 

0-25 

— 

Manganese steel (non- 

Quenched from 000'^' to 050" 0. 

1-0 to 

0-30 to 

magnetic) 


1-3 

0-40 

Tungsten (magnet) steel 

Quenched 

0-6 to 
0-8 

0*30 

(max.) 

Carbon spring steel .. 

Hardened and tempered 

0*90 to 
0-10 

0-16 to 
0-26 

Silicon steel (spring) 

Annealed . 

i 0'50 

1-76 

Ditto 

Heat-treated .. 

,, 


Chrome steel (Vickers’ 

Normalized. Spring plates, | inch 
thick, oil-hardened at 820° C., 
and tempered from 450° to 500° C. 

0*55 to 

0-20 to 

spring steel) 

0-65 

0-50 

Ditto 


” 

** 
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Chemical Analysis 
(Composition per Cent.). 


Man- ! 
ganese. 


Nickel. 


0-35 to 
0-75 


0-50 to 
0-80 


0-25 to 
0-55 


0-25 to 
0*55 


O'25 to 
0-60 


0-45 to 
0-70 


0-35 to 
O'CO 


O'SS to 
0'55 


O'60 to 
0-83 
0'20 to 
0-50 
0-30 

12-0 to 
15-0 
0-20 to 
0-40 


0'26 to 
0'50 

0-65 

0'60 to 
0-80 


2-75 to 
3-75 


Chro¬ 

mium. 


0-30 

(max.) 


Vana- 

divm. 


2-75 tol 
3'25 t 


3*2.') to 
4-00 


0-40 to 
0-80 


3-25 to I 0-45 to 
4-00 ! 0*75 

3-25 to I 0-45 to 
4-00 I 0-75 

3-00 to ' 0-60 to 

3- 75 ! I'OO 

! 

4'0 to I I'OO to 

4- 5 ; 1-50 


3'5II to 
4-25 


25-0 


Tungs¬ 

ten 

5-0 to 
6*0 

Coj>per 
0-30 to 
0-06 


: i-ooto 
I 1-50 


l-20to|0-l«to 
1*4() I 0-2U 
11*0 to 


140 


0-45 to 
0-70 


Mechanical Properties. 


Yield 
Point 
(Tons 
per 

Square 

Inch). 


20 
32 
20-2 
45 to 55 
40 

(min.) 

45 

(niin.) 

50 

(mm.) 
40 to 50 


45 

(min.) 


Tensile j 
Strength', 
{Tons j 
per I 
Square 
Inch). 


Percent- 

Elonga¬ 
tion 
on 2 
Inches. 


35 to50i 

I 

45 to oo; 
45 to 55 
55 to 05 

i 

50 to Ooj 


24 


20 to 15] 
10 


55 to 05 18 


I 

00 to 70! 17 


55 to 05j 20 


OO to 
120 


10 to 8 


55 to 05! 15 


75 j 100 to i 8 
(min.) [ 125 | 

40 to 50,55 to 05 18 


3S to 451 
15 I 
190 ! 


50 to 00 
40 
35-0 


25 to 30,40 to 60 


— j30to40 

— '50 to 90 

30 65 to 66 

(min.) j 


18 

45 

20 


16 to 20 


Percent- 

age 

Reduct- 
tion 
oj A} ea. 


45 

50 

50 

55 to 45 
55 

50 


Izod 
Impact 
Test, 
Fool - 
Pounds. 


50 


35 

40 

40 

I 

'30 to 35 

40 


20 i20tol0j 


45 to 50 
20 
50 
45 
50 
50 


35 

8 


40 


25 to 20| 

15 to 6 35 to 30* 
16 

(min.) 


76 I goto I 7 
(min.) i 100 i (min.) 


Jinnell 

Hard¬ 

ness 

No. 


152 to 
229 
201 to 
277 


217 


240 to 
311 

209 to 

341 


240 to 
311 2 

429 to 


500 to 
650 


235 to 
277 

418 to 
477 
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order of their classification, but the examples'arc more or less 
limited to automobile and aircraft engineering work. 

Table LXVIII. gives in more detail the chemical analyses 
together with the corresponding mechanical strengths of 
typical aircraft and automobile steels when heat-treated* in 
the manner specified; the results shown are actual analysis 
and test figures. 

The case-hardening alioy steel results are given in Table 
LXIX. 

At the end of the present chapter will be found in Tables 
LXXX., LXXXl., LXXXir., and LXXXIfl. some useful 
particulars regarding the application of alloy steels to air(waft 
and automobile work. 


Application and Use of Alloy Steels. 

It is not within the scope of the present work to discuss the 
methods of manufacture of the various matc^rials mentioned, 
but a few remarks may not be out of place ammt the great 
care that is necessary in tin; preparation and application of 
alloy steels. 

In the first place, it is necessary during manufacture to 
obviate all possibility of defects arising in the material before 
it reaches the rolls; most of the alloy steels are more liable to 
surface markings, flaws, and blemishes in the early stages of 
their mainifacture. The billets are carefully inspected, and 
all visible surface flaws arc rcTiioved by chipping with a pneu¬ 
matic chiself made of a .special high-sp(a>d steel; the large 
billets arc then rough-turned in a lathe before being rolled to 
the finished size. These processes involve a certain small loss 
in weight of the material, but amply repay the trouble b^ 
eliminating defects which might otherwise tend to cause the 
rejection of the batch of material through failure to conform 
to a given specification. 

Samples of typical batch materials are taken, analyzed, and 

* Tho subject of heat treatment is considered in Chapter VIII. 

t Tho author is indebted to Messrs. Edgar Allen for the above notes 
upon their methods for eliminating the possibilities of defects in their steels. 
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subjected to meohanical tests, in order to check uniformity in 
composition, heat treatment, and strength. 

A certain amount of, experience, usually only derived from 
actual practice, is neces.sary in the selection of alloy steels and 
in their subsequent heat treatment. Most of the failures 
which occur in engineering work can usually bo traced back, 
either to the selection of the wrong material for the purpose 
or to the incorrect heat treatment. In the latter case, the 
article may have been carefully designed and manufactured, 
but either over- or under-heated before quenching, or wrongly 
tempered. 

The use of correct hardening furnaces, tempering baths, and 
accurately reading pyrometers, together with a strict adher¬ 
ence to the steel manufacturers’ instructions, will obviate any 
such failures. 

In utilizing special .steels attention should be paid to the 
size and shape of the articles manufactured from them, for the 
effect of “ mass ” * has a marked influence upon the heat- 
treatment process; for example, small, light, and fragile parts 
do not require to be heated to such a high temperature, or for 
so long a time, as heavier and more solid parts of the same 
material. Again, it is necessary to know the behaviour of the 
selected steel in forging, rolling, or stamping, since some steels 
are notably difficult to work and often quite unsuited to the 
particular class of work. 

Case-Hardening Alloy Steels. 

Carbon steels containing from 2 to 5 per cent, of nickel, or 
both nickel and chromium, possess the advantage over ordin. 
ary mild steels of a much stronger core after being case- 
hardened, although the hardness of the carburized layer or 
skin is not equal to that of carbon steels. 

In high-grade automobile and in aircraft w'ork, the.so alloy 
steels are replacing carbon steels; but for cheaper and less 
important work, and in cases where the skin hardness is of 
primary importance, case-hardening carbon steels are to be 
preferred. 

* See Chapter VIII. 
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The principal advantage of case-hardeningt alloy steels lies 
in the fact of their possessing a tougher core, capable of with¬ 
standing reversed stresses and shocks, and of providing lighter 
parts of equal strength to those made of carbon steel. 

As will be seen from the figures given in Table LXIX., it is 
possible to obtain cores having tensile strengths up to 85 tons 
per square inch, with a 10 per cent, elongation, whereas the 
maximum tensile strength in the case of carbon steels is about 
40 tons per square inch in the harchmed condition. 

The following specifications are given by the Engineering 
Standards Committee for ease-hardening nickel steels; 


(A) E.S.C. 2 I'Bi! Cent. Nickel Case.Hardenino Steel. 
(Jliaincal Compo-skion : 

(■'arijon .0-10 to 0-15 per cent. 

Silicon .. .. .. .. not over „ 

Manganese .. .. .. .. 0*25 to O-fA) ,, 

Sulpliur .. .. .. not over 0'()5 ,, 

IMiospliorns . . . . . . .. 0*05 

Nickel.2-00 to 2‘r>i) 

Ch-pck TeM .—When norinalized at to C. this steel sliall i>aHii 

111 every particular tlio following test 

Tensile strength .. 25 to 35 tons per square inch. 

Viekl ratio .. .. .. not less than 55 pei cent. 

Elongation .. .. .. ,, ,, 3(1 „ 

Keiluction of area . . .. 55 „ 

The corresponding lliinell hardness number should be approximately 
103 to 153. 


(B) E.iS.C. 5 i'EU Cent. Nickel Case-IIardenina Steel. 


Oh'^mcal Com position : 
C'arbon 
Sdicon 
Manganese 
Sulphur 
Pho.sphorus 
Nickel .. 


not over 0*15 per cent. 
0-20 
M 0-40 

„ 0*05 

„ 0-05 

4-75 to 5*75 


Chech Test. —When normalized at 820'^ to HGO® C. this steel shall pass 
in every respect the following check test 

Tensile breaking strength .. 25 to 40 tons per square inch. 

Yield ratio .. .. . not loss than 00 per cent. 

Elongation .. .. .. ,, ,, 30 ,, 

Reduction of area .. -. ,, 55 ,, 


The corresponding Hrinell hardness number should be approximately 
103 to 179. 
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Effect of Heat Treatment upon Properties of C. H. Nickel Steel. 

In Table LXX, the results* given were obtained upon 
specimens of nickel steel, treated in the manner indicated. 

The section of the specimen influences its mechanical proper¬ 
ties, the smaller sections being relatively the stronger; this 



Fio. 171.— Case-Haudenei) Nkkei, Steel Bars. (Vickers.) 


A, Quenched in boiling water 

B, Qucnclied in cold water. 


will be seen by comparing the results (3) and (4) in the above 
table. Eor small gears, etc., the strengths will correspond to 
those of (3) and (4). 

Nickel Steels. 

These may be classified into tw'o classes—namely, the low- 
and the high nickel steels; the former class comprises steels 
containing from 2 to 5 per cent, of nickel, whilst the latter 
class includes steels with from 25 to 30 jicr cent, nickel. 

* Messrs. Vickers, Ltd., Sheffield. 
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TABLE LXX. 

Properties of Case-Hardening Nickel Steels with 
Different Heat Treatments. 


No. 

Size. 

Heal Treatment. 

Ela.^lk 
Limit, \ 
Tons per 
Square j 
Inch. 

Tensile 
Strength, 
Tons per 
Square 

1 nch. 

Elonijation 
per Cent, 
on 

2 Inches. 

Reduction 
of Aiea, 
per Cent. 

1 

— 

As HoftoiHMl f()>‘ nia- 
1 cliimn^. 

i 

1 2S 

1 

! 

i 

;i;i 

(i5 

2 

^-inch 

(Imnictoi 

1 

1 Case - h a ni 0 iic<l. 
j QuencluMlm boll MIL' 
water from 7«sr)'^ 

j :}(> 


32 

70 

3 

,^-inch 

i<Jinni(‘tcf 

(! as 0 - liard e n cd. 
Quenelic(l in cold 
water from 7^5° 

i r>i-(; 

()7'd 

lb 

j 57 

4 

1 C-iiicIi 
jdiaiiK'tor 

i {' ase - li a r d ened. 
Quenched in cold 
water from 785“’ C 

j l)5d> 

Hl-0 

15 

, 51 



Fio. 172. —FiiArTUKEs df C,\se-H.4edenei) Nickel Steei, Bars. 

Low Nickel Steels. 

Low content nickel steels are now widely used in modern 
engineering work for members subjected to alternating stress 



362 AIRCRAFT AND AUTOMOBILE MATERIALS 


and shock, vfor they combine strength and toughness with 
minimum weight. 

TABLE I.XXr. 

Effect op (iAunoN Content upon the I’iiopebties of 
3| PER Cent. Nickel Stebi,. 


1 

Pcrce.nlwjc of 
Carf/oii. 

S 1 
^ 5- 

1 

Ten.Htle 
Slrenqih, 
Tons per 
Sqiiari' huh. 

Eloit<ia(ion 
per Cent. 

; Tiednrtion 
' Area 

per Cent 

0-2 

1 2l-t 


\ 2(i 

fio 

0-3 

2G-.S 

42-d 

22 

■IS 

0-4 1 

! 22*0 i 

1 4!l-(> 

IS 

1 M 

0-5 

37-G 

Tm-S 

13 

32 





Fig. 173. —Case-Hardened Nickei. Steed C.ear Wheels tested to 
Destruction. (Vickers.) 
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The type of low nickel steel widely used in, automobile 
work is the 3 to 3| per cent, nickel steel, containing about 
0-30 per cent, of carbon; it has a higher elastic limit than 
ordinary carbon steel, and a greater fatigue resistance. 

A typical analysis, and the corresponding mechanical tost 
results for this type of nickel steel is given in Table. LXVIIl. 

It will be seen that in the normalized state the tensile 
strength varies from 35 to 50 tons per square inch, with 24 per 
cent, elongation and 45 per cent, reduction in area. 

When oil hardened at about 840“ C. and temy)ered at 550° 0., 
the tensile strength lies between 45 and 60 tons i)er square 
inch, with 22 i)er cent, elongation, and 50 j)er cent, reduction 
in area, so that increased tensile and com])ressivc strengths 
are obtained without loss of ductility. The hardness after 
heat-treatment in the above manner varies from 200 to 280, 
whereas in the normalized state it lies Ix^tw'een 150 and 230. 

In the lieat-treated condition the Izod impact value is 
about 35 foot-pounds. 

The Engineering Standards Committee’s Speeilieation for 
3 per cent, nickel steel is as follows: 

K.S.(’ :i PEu Cent. Nickee-Steec,. 

Chej/iiral Coinposittov : 

Carbon .. .. .. .. 0*2r> to 0*35 per cent. 

Silicon .. .. .. .. not over ,, 

Manganese . .. .. .. 0'3r) to 0.7r) 

Siiljihur .not over ()*04 „ 

Plio.s]jhorus .. .. .. .. ,, 0*04 

Nickel.2-75 to 3-50 

Chi'rk Te.9t .—When normalized at 840'’ to 880” (n, lliiH stool shall jiass 
in every particular the following check to.st. 

Tensile breaking strength .. 35 to 45 tons per square inch. 

Yield ratio .. .. .. not less than 55 [ler cent. 

Elongation .. .. .. ,, 24 ,, 

Reduction of area .. .. „ ,, 45 ,, 

The Brinell hardness number corresponding to the above should be 
approximately 140 to 202. 

The effect of different percentages of nickel upon the tensile 
strength of very low (0-09 per cent.) carbon steel is shown 
graphically in Fig. 174, in which diagram the lower curve 
represents the tensile strengths of slowly cooled specimens, 
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whilst the upper curve corresponds with the strengths of 
quenched specimens. The maximum strength of the quenched 
material is attained when the nickel present lies between about 
12 and 16 per cent., and for the annealed specimens, for a 
nickel content of from 15 to 20 per cent.; these proportions 
do not, however, correspond with the commercial require- 



C 2 t 6 6 'C /i te JO JJ J6 

percentage of o/c^et fcorhono o9f) 


Fio. 174. 

ments of hardness, and ductility, etc. The effect of increas¬ 
ing the carbon content up to about 0-9 per cent, of carbon, 
is to raise the tensile strength, but to lower the ductility 
qualities after about 0-3 per cent, of carbon is exceeded. 
The hardness of a 0-7 per cent, nickel steel, of low carbon 
content (below 0-12 per cent.), even after slow cooling is 
practically the same as that of a hardened cutting tool and 
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this material can be case-hardened by carburizing, the surface 
and allowing to cool slowly, with the result that a very 
hard skin combined with an extremely tough core is 
obtained. 

Like most other high carbon and alloy steels the mechanical 
properties of low nickel steels can bo widely varied by suit¬ 
able heat-treatment. The following results show how the 
mechanical .strength is varied by suitable heat treatment 
for 3 per cent, and 5 per cent, nickel steels, suitable for crank¬ 
shafts, connecting-rods, axles, etc.: 


TABLE LXXIL 

PkOI'EHTIKS OE Niokel Steei.s.* 


Material. 

! 

' Ileal Treatment. 

Elastic 

Limit. 

j 

Tensile ' 
•Strength.. 

3 per 
cent, 
nickol 
steel 

1 ; 

Annealed .. 27 39 

Od <iuenehed at , 

H20° tmn- j 

pored at 050'^ 

and again 
qiienclied in 
ml . . .. ' 47 55 


KlomjatioiL 
' per Cent, 
on 

2 Inches. 


31 


Rediu (ion 
of Area 
per Cent. 


RnneU 

Hardne-fs. 


()4 


170 


i 


57 


202 


5 per 
cent, 
nickel 
steel 


Annealed .. 28 

Oil (pienclied at 
S2ir 0., tem¬ 
pered at 050'^ 

C., aiul again 
quenched in 
oil .. .. 47 


43 1!) 


65 ' 20 


42 202 


60 i 302 


Compression Strength. 

In Table LXXIII. the resultsf show how the elastic limit 
in compression is influenced by niokel content in steels of 
low carbon value. 

It will be observed that the compression strain is greatest 
for small elastic strengths and least for the maximum strengths. 

* Samuel Osborne and Co., Ltd., Sheffield, 
t fSir R. Hadtield. 
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„ TABLE LXXIII. 

CoMX’RESsiON Strength of Nickel Steels. 


VerctnKuje of 
Carbon. 

FercenUuje of 
Nickd. 

Elastic Limit j 
in Com prcssion, j 
Toils per \ 

Square Inch. \ 

Compression 

Strain. 

{Shortening hy 
100-3’ow Load 
per Cent.) 

U-13 

0-05 

20 

\ 49 

014 

1-02 ] 

27 

! 47 

U'lO 

3-82 

28 

41 

O'lH 

5'81 1 

40 

; 37 

0-17 

i-ar, 

40 

33 

0-16 

9-51 

! 70 

3 

0-18 

11-39 

100 

1 

0-23 

13-48 

; 80 

1 

U-ll) 

19-(i4 

80 

3 

0*l() 

' 24-51 

50 

10 

0-U 

29-07 

24 

41 


I 


Other Properties of Nickel Steels. 

One valuable feature of nickel steels is the high ratio of the 
yield point to the tensile strength, which varies from 0-7 
to 0-8, whereas in carbon steels it is only from about 0-5 to 
0-6; the elfcct of this high yield ratio is that lower factors of 
safety (reckoned on the yield pollit) can be employed. 

Nickel steel containing from 3 per cent, to 5 per cent, 
of nickel can be forged, stamped, and drop-forged, and after¬ 
wards heat-treated to attain the desired strength. 

The electrical resistance of all nickel steels is high, and it 
does not appear to vary much with the percentage of nickel. 
Nickel steel wire containing from 25 to 30 per cent, of nickel 
has about 48 times the resistance of copper. The low nickel 
steels (3 to 5 per cent, nickel) have a greater magnetic per¬ 
meability than wrought iron. The shearing strength of 
low-nickel steels is about 0-7 of the tensile strength. 

The specific gravity of low nickel steels varies from 7-86 
to 7-9. 

High Nickel Steels. 

Nickel steel containing from 25 to 35 per cent, of nickel 
possesses non-corroding qualities rendering it suitable for 
parts subjected to rusting action, 
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When the carbon content is about 0-30 per (jent. and the 
nickel, from 24J to 27J per cent., the steel also possesses the, 
non-niagnetic property, which renders it useful for parts 
situated near magnetic compasses, and for similar purposes. 

The chemical composition of a typical non-magnotic and 
“ non-corrodible ” nickel steel is as follows: 


(’arboii .. . .. 0*25 to 0*35 per cent. 

.Mun^aticbc .. .. .. . 0*2.> to 0-4 ,, 

Sulphur .. . . , not over 0*04 ,, 

Pliospliorus . . ... ,, 0*04 ,, 

'rile corresponding mechanical strength properties* are as 
follows: 


Nickel . . .. . . 25 per cent. 

Yield point . .. .. ..15. 

Tcii«ile hitrciigt li .. .. .. .. 40. 

Percentage elongation .. .. .. 45. 

Percentage reduction of ait'ii .. .. 50, 


Quenching does not appear to alfect the strength very much, 
but the material becomes hardened by rolling or hammering.f 
This steel possesses a high elongation, and can therefore 
be bent cold to sharp angles without cracking, 


Physical Properties. 

High nickel steel has a remarkably low coellicient of ex¬ 
pansion, and is there much n.sed for measuring tapes and 
in.strumcnts ; the well-known “ standards ” Invar steel 
belongs to this class. 

Invar steel contains about 0-18 per cent, of carbon, 3o-u 
|)or cent, of nickel and 0-42 per cent, of manganese. 

It has a coefficient of expansion of 0-00()000877 per degree C. 
'I’lie moan value between temperatures of 0" and C C., (whore 
t docs not exceed 200^ C.) is given by 


a=(0’877+0-001171)Xl0-« per ° C. 

Compared with ordinary steel, Invar steel has jy-g, and 

with brass —1— of the expansion coefficient. 

17-2 


* In the quenched state. 

t See p. 402 for results of te^ts upon 25 per cent, nickel-steel jilates. 
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Alloys coptaining 47-5 per cent, of nickel have the same 
expansion coefficient as glass and platinum. 

The following are the values of the expansion coefficient per 
degree 0., for different nickel and carbon steels: 


Percentage of 
Nickel. 

2(5 

2S 

2S-7 

30- 4 

31- 4 

34- (5 

35- 7 
37-3 
3<)'4 
44-4 
47-5 

Ordinary mild .stool 
Ordinary hard stool 


Coefficient of Expansion 
per Detjre.e C. 
0-00001312 
0-00(^)1131 
0-(X>00l041 
0-0000()45H 
O-OOO(K)340 
0-00000137 
()-00000()H7 
0-(X)0003r)() 

o-ooooor)37 

0-0000()83() 

U-0( >000870 
0-0(X)0107S 
0-00001240 


The specific gravity of nickel steels containing from 20 
to 40 per cent, of nickel varies from 7'!)1 to 8'0!); 44 per cent, 
nickel steel has a specific gravity * of 8-12. 

High nickel steel is employed for exposed members on sea- 
plane.s, and aircraft for exhaust valves, boiler tubes, etc., 
owing to its non-corrosive effect. It is, however, being 
steadily sui)planted by the high chromium “stainless” 
steel, which possissses considerably better rust resisting and 
strength qualities. High nickel steel can be brazed, but 
cannot be welded in the ordinary mannerf by the o.xy- 
acetylene method, although it may be, with great eare, by the 
electrical methods. 


Nickel-Chrome Steels. 

These steels ‘somewhat resemble the low nickel steels in 
their properties and applications, but in general they are more 
expensive, more difficult to work, and they require greater 
care in forging, stamping, and heat treatment, but they give 
greater hardnesses and strengths when suitably selected and 
treated. Tensile strengths up to about 125 tons per square 
inch can be obtained, with about 10 per cent, elongation, and 

* Guillaume. t See Chapter XI. for alloy steel welding processes. 
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Brinell hardnesses up to 600, in the case o'f air-hardened 
nickel-chrome steels. 

The compositions and properties of nickel-chrome steels are 
given in Tables LXVII., LXVIIL, and LXIX,, and the effects 
of tempering these steels upon their mechanical properties are 
shown graphically in Eigs. 168 and 170, 

The results of heat treatment upon the mechanical proper¬ 
ties of this steel are more marked than in the case of low 
nickel steels, for the tensile strengths and hardnesses are 
capable of a wider variation by suitable treatment; this point 
may bo illustrated by reference to Table LXVI. 







Fio. 175 .—Nickel-Chrome Steel (Heat-Treateo Co.ndition). x 00. 

Fig. lyf) shows the micro-structure of heat-treated nickel- 
chrome steel. 

Nickel-chrome steels arc usually supplied in three different 
grades, according to the carbon content, known as the mild, 
medium, and hard nickel-chrome steels respectively; the com¬ 
positions of these three types, together with their corresponding 
mechanical properties, are given in Table LXXXIX. The 
carbon contents of these steels, in the order named, arc from 
0'15 to 0-25, from 0-25 to 0-35, and from 0-30 to 0-40 
respectively. 

It will be soon that the respective tensile strengths when 
properly heat-treated are, on the average 55, 60, and 65, and the 
corresponding Brinell hardnesses, 250, 275, and 300. 
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Mild nickol-chrome steels are easier to manipulate, and can 
be case-hardened, with rather better results than in the case 
of low nickel case-hardening steels. 

These case-hardening nickel-chrome steels are especially 
suitable for gears, change-wheels, chain-wheels, cam-shafts, 
stampings, etc., and possess a very tough fatigue-resisting 
core, with a glass hard skin. 

The following results were obtained with a nickel chrome 
case-hardening stool: 


TABLE LXXIV. 

Nickkl-Chrome Case-Hardening Steel. 


Condition. 

fyimit, 
Tons per 
Square 

I nch. 

Tensile 

StreiKjlh, 

1 Tons per 
Square 
Inch. 

Klonfjation 

on 

2 Inches , 
per Cent. . 

ItcjhlcHoll 

^ \ flanlncss. 

per ( cut. 

I 

Annealed 

Core, after case- harden • 
iiig at 0. 

1 

:hs 

70 

42 

SI) 

2X 1 

1 

14 1 

70 liHi 

i 

1 4d 41K 

1 


The medium grade of steel is used for the .same jmrjioses 
as 3 to 5 per cent, nickel stecsls; it posse.sses a high elastic 
limit (from 40 to 4.5 tons per sijuarc inch), groat toughness and 
hardness (Brinell hardness from 250 to 320), good machining 
qualities, and it can be forged and stamped. 

This grade of steel is siiccially suitable for crank-shafts, 
connecting-rods, shafts, axles, highly stressed aircraft clips 
and fittings, etc. 

The Engineering Standards Committee’s Specifications for 
niokcl-chrome steels are as follows: 

(A) E.S.U. IJ PER Cent. Nickei.-Curome Kteei,. 

Chemical Composition : 

Carbon .. .. .. .. to 0'35 ])er cent. 

Silicon .. .. .. .. not over 0-30 ,, 

Manganese .. .. .. .. 0*36 to 0*60 ,, 

Sulphur .. .. .. .. not over 0-04 ,, 

Phosphorus .. .. .. .. „ 0*04 ,, 

Nickel .1-25 to 1-75 

Chromium .. .. .. .. 0*75 to 1-25 „ 
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Check Test. —When oil-hardenedfrom 850® C. and tempered at 600® 0., 
this steel shall pass in every particular the following check test; 

Tensile breaking strength .. not less than 45 tons per square inch. 
Yield ratio .. .. .. „ „ 70 per cent. 

Elongation .. .. .. ,, „ 15 ,, 

Reduction of area .. .. ,, ,, 50 ,, 

The Brincll hardness number corresponding to the above should be 
approximately 170. 


(B) E.S.C. 3 PER Cent. Nickel-Chrome Steel. 


Chemical Compoeition: 
Carbon 
Silicon 
Manganese 
Sulphur 
Pho.spliorus .. 
Nickel 
Chromiun 


0’20 to 0*30 per cent, 
not over (h.'lO 
0*35 to O-OO 
not over 0*04 
„ 0-04 „ 

2*75 to 3-50 
0-45 to 0-75 


Check TeM .—When oil-liardoncd from 820® C. and tempered at GOO® C., 
this steel shall pass in every particular the following check test 


Tensile breaking strength .. not less than 45 tons per square, inch. 
Yield ratio .. .. .. „ „ 75 per cent. 

Elongation .. .. .. ,, 15 „ 

Reduction of area .. .. „ „ 50 „ 


The Brincll hardness number corresponding to the above slioiiUl bo 
approximately 170. 

Niokel-chromc ateol is supplied commercially in billets, bars, 
forgings, stampings, sheets, tubes, etc. 


Air-Hardening Nickel-Chrome Steels. 

Reference lias already been made* to this class of steel, which 
is quite distinct from the other high-tensilo steels in that it 
can be hardened by simply heating up to about 800“ to 850“ C. 
and allowed to cool in the air, whereas other steels require 
quenching. Typical micro-photographs of this steel arc shown 
in Eigs, 135 and 145 for the tempered and annealed conditions. 

This type of steel possess higher nickel and chromium 
contents and, as a rule, medium or low carbon content, t 

The tomsile strengths and hardnesses of such steels represent 
about the maximum that can bo obtained with any steels; the 
average tensile strength varies from 100 tol25 tons per square 

• 8ce p. 281. 

t A typical composition is given in Table LXVIII. 
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inch, with a yield ratio of about 80 per cent., and elongation of 
from 8 to 12 per cent. The reduction of area is about 20 per 
cent, and Brinell hardne.ss 450 to COO. 

The Engineering Standards Committee’s Specification for 
air-hardening nickel-chrome steel is as follows: 

E.S.C. AiR-HAttDENina Nickel-Ciikome Steei,. 

Chemical Composition : 

Carbon .0-28 to 0-36 per cent. 

Silicon .. .. .. .. not over 0-30 ,, 

Manganese.0-36 to O’OO „ 

Sulphur .. .. .. .. not over 0-04 „ 

Phosphorus .. .. .. .. „ 0-04 ,, 

Nickel .. .. .. .. 3-50 to 4*a0 ,, 

Chromium .. .. .. .. 1-25 to 1-75 

Check Test .—A test bar of this steel, when air-hardened from 820^ C. 
shall pass in every particular the following test 

Tensile breaking strength not less than 100 tons per square inch. 
Yield ratio .. .. ,, ,, 7.5 per cent. 

Elongation.. .. .. „ ,, 5 „ 

Reduction of area.. .. ,, ,, 13 

The Brinell hardne.ss number .shall be approximately 418. 

The tensile test piece before being air-hardened shall have 
its parallel portion machined to within ()-02 inch of the fini.shed 
diameter of the test piece, and thi.s portion shall, after the test 
piece has been hardened, be reduced to the required diameter 
by grinding. 

The effect of reheating, or tempering upon the mechanical 
properties of an air-hardening nickel-chrome steel is shown 
graphically in Fig. 170. 

It is usual to finish-machine parts made in this steel, such as 
gear-wheels, crank-.shafts, connecting-rods, turnbuokles, axles, 
shafts, etc., in the softened condition, with or without m.aking 
a grinding allowance, and to then air-harden the parts, finish¬ 
ing by grinding where arranged. 

It has been found that the degree of air-hardness is depend¬ 
ent upon the rate of cooling and size of the article, although 
the ordinary cooling-rate when articles are heated to 20° or 
30° above the critical point (i.e., about 850°) and allowed to 
stand in air, is sufficient to attain a tensile strength of at least 
100 tons per square inch. 











ALLOY OR SPECIAL STEELS 


373 


Chrome-Vanadium Steel. * 

This steel, which is widely used in automobile construction, 
resembles the low nickel, and nickel-chrome steels in its 
mechanical properties, but it is easier to stamp and to machine 
than nickel-chrome steels, and can be used in place of these for 
such parts as connecting-rods and bolts, selector shafts, brake 
rods, live and back axles, propeller and lay shafts, crank¬ 
shafts, etc. 

It can be obtained in very sound condition and in the heat- 
treated state gives tensile strengths varying from 60 to 80 tons 
per square inch, with from 15 to 10 pt^r cent, elongation on 
2 inches and from 45 to 40 per cent, reduction of area. The 
Brinell hardness varies from 270 to 350 in the hardened state. 

The composition of a typical chrome-vanadium steel* is as 
follows: 

Carbon .. .. .. .. O-.Sb to 0*40 per cent. 

Manganese .. .. .. .. O'OO to 0-80 

Sulphur . .. .. .. O’Ot (max.) 

Plio.sphorus .. .. .. . 0*04 ,, 

Chromium . .. . . 0*1)0 to 1*40 

Vanadium .. .. .. .. 0*10 to 0*20 

Table LXXV. gives some typical test results for this steel. 

Chromium and Vanadium Steels. 

When either chromium or vanadium is added to mild or 
medium carbon steel, in small quantities (from 0*1 to 1*0 
chromium or from 0*1 to 0*25 vanadium), the tensile strength, 
hardness, and impact vtducs are appreciably increased. 

Table LXXVI.t shows the effect upon crucible steels 
of small quantities of chromium and vanadium separately, 
and also when combined. 

Mild Vanadium Steel. 

The addition of small quantities of vanadium (from 0*10 
to 0*25 per cent.) to low carbon steel has the effect of increas¬ 
ing the ductility and shock-resisting qualities, without, how- 

* Also SCO Table.s LXVII. and LXVIII. 

I Sankey and Kent Smith, Proc. Inst, of Mech. Engrs., 1904. 
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' TABLE LXXV. 

Mechanical Test Results for Chrome-Vanadium 
Steels. 


CottdUioH. 

Y idd 
Point, 
7'ons per 
Sffuare 
Inch. 

Tensile 
Stremjth, 
2'ons pe> 
Square 
Inch. 

Klongalion 
per Cent, 
on 

2 Inches. 

Reduction 
of Area 
per Cent. 

Brinell 

Hardness. 

No. 

(a) Annealed .. 

:j4 

41 

_ 

26 

70 

102 

Oil-iiuenehed at 

C., then tempered to 

60g° 0. 

■ 

54 

60 

22 

50 

277 

(i») Oil - quenched at 
850^^ C., tlien tem¬ 
pered at 650“ 0. 

Yuld 

liaiio. 
75 per 
cent. 

55 to 65 

18 

50 ' 


(e) As rolled .. 

40 to 50 

50 to 1)0 

25 to 20 

65 to 55 

251) to 261) 

Oil-qiienehed at 850" 
C., reheated to 500“ 
0., and allowed to 
cool in air. 

65 to 75 

70 to 80 

10 to 11 

45 to 40 

510 to 330 


(a) Samuel Osborne and Co. {b) Messrs. Tirth and Sons, (c) Mes.srs. 
Edgar Allen and Co. 


TABLE LXXVI. 

Effect of Cxiuomium and Vanadium tji'on the Stuengih 
OF CiiuciBLE Steel. 


j 

Ckroniium 
• per Cent. 

Vaiiadtum 
per Cent. 

Plastic 

Limit, 

Tons per 
Square Inch. 

Tensile 
Strength, \ 
Tons per \ 
Square Inch.\ 

: Elongation 
' in 2 Inches 
per Cent. 

1 Reduction 
oj Area 
per Cent. 

0-5 

_ 

22-9 

34-0 

33 

60-0 

1-0 

_ ! 

2.5-0 

38-2 

30 

37-3 

. — 

0-10 

28-5 

34-8 

31 

60-0 

— 

0*15 

30-4 

3«-5 

, 26 

59-0 

— 

0-25 

34'1 

39-3 

24 

59-0 

10 

0-15 

36-2 

48-6 

! 24 

56-6 

DO 

0-15 

34-4 

62-C (a) 

26 

55-3 

1-0 

0-25 

49'4 

60*4 

18-5 

46-3 

Ordinary car 
st 

bon crucible 
eel. 

16'0 

27-0 

35 

60-0 

{a)Ordinary 

carbon 

open liearth 
steel. 

17-7 

32-2 (a) 

34 

! 

52-6 


(a) Open hearth steels. 
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tempered) 
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ever, impairing its strength. The results given in Table 
LXXVII. show the strength properties of mild and cast 
vanadium-carbon steels, and also, for comparison purposes, 
those of mild steel, rolled, cast, and forged, and cast chrome- 
vanadium steel; all of these steels are in the annealed con¬ 
ditions. The values given in the “fatigue strength” column 
refer to tests made upon an alternating impact machine, being 
the number of alternations required to fracture the speci¬ 
mens ; the values are therefore indicative of the relative 
fatigue strengths. 

Nickel-Vanadium Steels. 

It is possible to employ vanadium as an alternative to 
chromium in nickel steels, with beneficial results. The vana¬ 
dium should not exceed 1-0 per cent., and should preferably bo 
present in from O-IO to 0-70 per cent. 

The properties of these steels have been investigated by 
M. Leofi Guiliet,* and the following are some typical results 
obtained by him : 


TABLE LXXVII I. 

Pboi'ertie.s of Nickel-V^anadium Steels. 


Material. 

Percentage Com position. : 

Elastic 

Limit, 

Tons 

per 

Eq. In. 

Tensile 

Etrengthy 

'Tons per 
Square 
Inch. 

Elonga¬ 

tion 

per Cent. 

Condition. 

Carbon. 

Nickel. 

Vana¬ 

dium. 



0-20 

2-0 

0-7 

31-25 

40-02 

23-5 

Untempored 



0-20 

2-0 

1-0 

40-02 

53-.35 

22-0 

,, 



0-20 

12-0 

0'7 

76-7!) 

89-30 

6-0 

— 

Nickel- 


0-20 

12-0 

1-0 

78-57 

98-22 

6-0 

— 

vana- 


0-20 

2-0 

0-7 

62-98 

95-01 

Very 

Tempered 

dium 







small. 

from 860® 

steels. 








C., and 









quenched 









in water at 




I 





20° C. 


Note .—When the low nickel content (2*0 per cent.) were heated to 
850® C. and quenched in water at 20® C., the tensile strength and elastic 
limit were‘both nearly doubled in value, the elongation being greatly 
reduced however. 


Engineering Magazine^ April, 1906. 
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Copper Steels. , 

Steels containing from 0-5 to 4-0 per cent.- of copper some¬ 
what resemble the niclcel steels in their strength properties.* 

The prc.senoe of copper refines the structure of carbon steel, 
and the strength increases with the copper content, and with 
a reduction of the carbon content (from 1-0 to about 0-2 per 
cent.). 

When more than about 4 per cent, of copper is present the 
metal cannot be forged or rolled satisfactorily. 

Steels containingO-10 per cent, carbon and 4 per cent. co[)per 
are equal to nickel steels in tensile strength and ductility, 
and in the hardened state oopp<!r steels of this class possess a 
fair degree of elasticity and elongation. 1’he electrical con¬ 
ductivity of these steels is better than that of nickel steels, 
being a maximum for steels containing 0-15 carbon and 2’0 
copper, 0-35 carbon and 1-7 copper, and 0-7 to LO carbon 
and 0-5 copper, rospectiv'ely. 

Annealing whilst leaving the steels with the same strength 
characteristics greatly reduces the differences observed in the 
case of untreated steels. Quenching restores the differences 
found in copper steels in the cast state. 

Stainless Steel. 

When a high percentage of cliromium is present in a steel 
of medium or low carbon content, a high tensile steel is ob¬ 
tained which is almost entirely non-corrodiblc. 

The chromium content should bo between the limits 11 to 
15 per cent. This “ stainless ” steel is an air-hardening one, 
although it responds to oil-hardening treatment, and it there¬ 
fore requires handling with care in manufacturing articles. 
This steel possesses the property of being able to successfully 
resist the ordinary corrosive action of the weather, organic 
acids, sea-water, and oxidising influences.! 

* An account of tlio experiments made upon cop}ier steels by Pierre 
Breuil is given in the Journal of the Iron and Steel Insiiiuiey 1S07. 

t A polished cylinder of this steel, given to the author by Messrs. Firth 
ind Sons, was found to retain its polish without rusting when left out in 
|ie open for several months, and after three years, or more, is still quite 
iright and untarnished. 
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-t'lo. 170. llAitiiENED Stainless Steel. Etched, x .500. 


»» 



Eiu. 177.— Te.vipebed Stainless Steel. Etched, x 000. 

Figs. 176 and 177 show the micro-structure of this stool in the 
hardened and tempered states respectively. “ Stainless ” steel 
can be obtained in tensile'strengths (when heat-treated) up to 
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90 tons per square inch with 8 per cent, olongatipn and 18 per 
cent, reduction of area, and with a corresponding Brinell 
hardness of 390. 

Stainless steel would therefore appear to possess e.xcellont 
qualities for aeroplane work, streamlined wires, clips, fittings, 
petrol engine valves, seaplane fittings, cutlery, etc. Its 
advantage over 25 per cent, nickel steel lies in the fact of its 
greater strength and hardness, and bettf^r non-corrosive 
properties; moreover, it is more suitable for inlet and exhaust 
valves, as it does not stretch so much under a given stress. 
Stainless steel is now much used for “ rustproof ” cutlery, as 
it retains its polish when used for domestic purposes, such as 
when subjected to the action of the juices of fruits, vegetables, 
vinegar, soda-water, etc. 

The following is the comi)osition of this steel:* 


(’arbon 

Silicon 

Manganese 

Sulphur 

PhosphoruH 

Chromium 


0'3() to 0*50 per cent. 
0-30 (max.) 

to 0-50 „ 

(>•04 (max.) ,, 

0-04 „ 

U*()tol4'0 „ 


VVdien this steel is oil-hardc'iied at 900° C., and temi)ered at 
600° tb, it has the following mechanical properties: 


Yield point .. . . .. 38 to 45 tone per hnuarc inch. 

Tensile strength .. .. 50 to hO ,, ,, 

Elongation on 2 inches ^ . . IS per cent. 

Keduction of area .. .. 45 „ 

Izod impact value .. . 40 foot-pounds. 


This steel responds well to heat treatment, and its properties 
may be varied over a wide range by suitably performing 
these operations. Table LXXlX.,f on p. 381, shows some of 
the results obtained by heat-treating stainless steel in the 
manner indicated. 

* Messrs. Firth and Sons. (This steel was first discovered in the Brown- 
Firth Research Laboratory, Sheffield.) 
t Dr. Hatfield. 
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Spring Steels.* 

There is a number of carbon and alloy steels used for springs 
of various kinds; these may be summarized as follows: 

(а) High carbon steel. 

(б) High silicon steel. 

(c) Silico-chrome steel. 

(d) Silico-manganese steel. 

(e) Chrome-vanadium steel. 

The best materials* for springs are those which can store 
up the greatest amount of work, or energy, in a given weight 
or volume of spring material, without permanent deformation. 

Steel for springs should have as high elastic limit as possible, 
and a corresponding high deformation or deflection value; 
further, it is essential for aircraft and automobile purposes 
that the spring steel should be of maximum strength against 
fatigue effects and shocks. 

Carbon Steels. 

Carbon spring steels possess the advantage that they arc com¬ 
paratively cheap to make and easy to manipulate; moreover, 
they give satisfactory results for parts of minor importance. 

The following is a standard specification for spring steel: 

Carbon . . . . . . . , 0-!)0 to 1 • 10 per cent. 

Manganese .. .. .. .. 0*25 to 0*50 ,, 

Silicon .0-15 to 0-25 

Sulphur .. .. .. . . not over 0-04 „ 

Phosphorus .. .. .. .. ,, 0*04 ,, 

Copper .. .. .. ' .. 0-0.3 to 0-05 ,, 

The tensile strength of such steel, when heat-treated varies 
from 40 to 60 tons per square inch with from 16 to 20 per cent, 
elongation. 

High Silicon Steel. 

This type of steel really includes the silico-manganese steels, 
and may, perhaps, be grouped with them. 

Silicon steel is now more or less standardized for automobile 
leaf springs; a typical composition is as follows: 

* Sco pp. 14, 15, and 16, 
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TABLE LXXIX. 

Effect of Heat Treatment upon the Properties of 
Stainless Steel. 

(Size of material, IJ inch diameter by inches long.) 


i 

Nature of Heat' 
Treatment. 

Yield 1 
Point,] 
Tons { 
per 

Square 

Inch, 

Tensile 

Strength, 

Tons 

per 

Square 

Inch. 

Elonga¬ 

tion 

per Cent. 

ReduC‘ 
tion of 

A rea 
per Cent. 

' Brinell 
' No. 

\ 

Mean 

hod 

1 Impact 
Foot- 
Pounds. 

Air-hardenod at 875° C. 
and tempered at 
500° C. ! 

70-il 

85-‘) 

13-0 

40-5 

380 

- 

Air-hardened at 875° C.| 
and tempered at 
000° C. 

44-5 

53-C 

21-0 

1 59-2 

, 241 

1 

69 

1 

1 

Air-hardefied at 875° C. 
and tempered at 
700° C. 

31'6 

45-2 

20-0 

04-0 

202 

; 80 

Air-hardcned at 875° C. 
and tempered at 
800° C. 

31-6 

43-3 

27-0 

1 

04-7 

209 

1 

1 

33 

i 

Oil-hardened at 875° C. 
aiifl temjK^rcd at 
500° C. 1 

72-0 

90‘5 

8-0 

1 

1 

18*2 

387 


Oil-hardcned at 875° C. 
and tempered at 
000° C. 

39-4 

52-0 ' 

20-0 ' 

50-0 

241 

72 

Oil-hardened at 875° C. 
and tempered at 
700° C. 

34-8 ? 

47-1 

i 

25*5 

G3-8 

; 219 

1 

80 

Oil-hardened at 875° C. 
and tempered at 
800° C. 

59*1 

71-0 

4-0 

11-7 

275 

22 

Water - hardened at 
875° C. and tem¬ 
pered at 500° C. 

70-0 

90*2 

12-0 

34-2 

387 

i - 

Water - hardened at 
875° C. and tem¬ 
pered at 01)0° C. 

40*3 

i 

53-9 

i 

22-0 

59-8 

248 

1 82 

( 

Water - hardened at 
875° C. and tem¬ 
pered at 700° C. 

23-5 

1 45*8 

25-8 

04-7 

217 

86 

Water • hardened at 
875° 0. and tern- 

30-6 ? 

48-0 

18-0 

59*2 

196 

86 

pered at 800° C. 




1 

1_ 




iVoIc.—Tcmiwring in all cases was carried out for 1 hour at the tempera- 
tures stated. 
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Carbon f .. .. .. .. .. 0*50 per cent. 

Manganese .. .. .. .. .. 0*65 ,, 

Silicon .. .. .. .. .. 1*75 ,, 

Phosphorus .. .. .. .. .. not over 0-04 per cent. 

Sulphur .. .. .. .. .. „ 0*04 „ 

This steel is widely used for large laminated or loaf springs 
volutes and spiral springs for locomotive automobile and air¬ 
craft work. The heat treatment of this steel requires careful 
attention, for different shapes and sizes of springs required 
different quenching media, and temperatures of hardening and 
tempering. 

The tensile strength of the above steel in the annealed state 
varies from 30 to 40 tons per square inch with from 20 to 
25 per cent, elongation. In the heat-treated state the tensile 
strength varies from 50 to 90 tons per square inch, according 
to the mode of heat treatment, with from 15 to 5 per cent, 
elongation. 

The following tesst results refer to a special silico-manganeso 
steel,* heat-treated according to the maker’s instructions: 

Elastic limit .. .. .. 85 to 95 tons per srpiare inch. 

Tensile strengtli .. . . 95 to 105 „ ,, 

Elongatioa.ori 2 inches .. 12 to H per cent. 

Contraction of area. . . .. 30 to 25 „ 

This steel is particularly suitable for all kinds of automobile 
leaf springs. 

Silico-Chtome Steels. 

Automobile .'qjrings are often made of a steel of medium 
carbon content containing about 1 j^er cent, of silicon and 0-7 
per cent, of chromium. 

The following is a typical composition :t 

Carbon .. .. .. .. 0*55 to 0*00 iicr cent. 

Silicon .. .. .. .. 0-90 to 1*15 ,, 

> Sulphur .. .. .. .. 0*025 to 0'04 ,, 

Manganese .. .. .. .. 0*30 to 0*35 „ 

Pho.sphorus .. .. .. .. 0*01 to 0*02 ,, 

Chromium .. .. .. . . 0'()5 to 0*80 ,, 

Leaf springs made in this material, properly hardened and 
tempered, are usually tested in compression to about one-third 
of the deflection necessary to flatten the top or longest leaf. 

♦ Sir Joseph Jonas, Colver and Co., Sheffield. 

•f “ Materials used for Motor Bus Construction,” En^inttring, January 15, 

1913. 
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The test is repeated upon the individual leaf members, and 
finally upon the assembled spring, which is carefully measured 
before and after loading for permanent set. The spring te.st- 
ing machines mentioned in Cliapter HI. are very suitable for 
the above tests. 

The following particulars refer to a silico-chrome spring 
steel known as Vioker’s B.C.T. steel.* ft has a lower silicfm, 
but a higher manganese, content than the previously 
mentioned steel. 

Chenncti/ Coiii}>osition, hy Audhj.sia : 

Carbon .. .. .. .. O’.'io C* O-Of) per cent. 

Silicon . .. .. . 0'2() to 0*o() 

Manganese . . . . .. .. Oh'iO to O-SO ,, 

.Suljiluir .. .. . .. ()'04 (max.) 

Phosphorus .. .. .. .. 0*04 (max.) 

Chromium . . . . . . . . (Mo to ()*70 

This steel can be heat-treated in many ways, depending 
upon the purpo,se for which it is reipiired; its tensile strength 
can be varied from 55 to 100 tons per square inch, with niini- 
mum percentagf'elongations of 15 and 7 |)er cent, respectively. 

When normalized at 820° (h, this steel pos.sesses the follow¬ 
ing mechanical properties. 

^'l(‘l(l ])oint .. .. .. .. (min.) tons per stpiaro inch 

Tnisilc stuMigtii .. .. r)r> to (ir* ,, ,, 

Iblongntioii on 2 indit's (x (t’otht-iii. 

thameter) .. .. .. (nnn ) 15 jku- eemt. 

Bniicll hardness number . . . 255 to 277 

When oil hardened at 820° (1., and tempea-ed at from 550° (!. 
to 000” (!. the following results were obtained : 

^'io^d jioint .. .. .. .. (niin.) 40 tons jier square ineli. 

'reiiHilo strength .. .. . (>0 to 70 .. 

Klongation on 2 inclics (xO*504-m. 

diameter) .. .. .. .. (min.) 15 per cent. 

Iteduetion of area . . . . .. (min.) 4(1 

Hniiell (ni>proximatoly) . . .. 255 to 541 

Test results from this steel treated as spring PhtiC'^ not ex- 
eeeding inch thick, oil-hardened at 820 ’ C., and tempered 
at from 450” 0. to 500° 0., were as follows: 

Yield point .. .. .. .. (min.) 75 tons per square inch. 

Tensile strength . .. . 00 to 100 ,, ,, ,, 

Elongation on 2 iiiciies .. . (min.) 7 ix‘r cent, 

lirinell (approximately) .. .. 418 to 477 

* Manufactured by Messrs. Vickers, Ltd., Sheffield. 
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This steel is also very suitable for gear-wheels, special 
machine gun barrels, dies, and drop-stamps. 

When used for gears, the gear blanks are first heat-treated 
so as to give the highest tensile strength compatible with 
sufficient ease in machining the teeth surfaces, and these, 
after machining, are locally hardened by a special process. * 

Chrome-Vanadium Spring Steel. 

This steel is widely used in automobile work, and is a serious 
competitor to the silico-manganeso steels; it is understood to 
yield rather better and more uniform results after suitable heat - 
treatment than the latter steel. 

A typical composition is as follows ; 

Carbon ., .. .. _ 0-50 per cent. 

Manganese .. ., .. .. 0'65 

Chromium .. ,. .. . 0’90 

Vanadium .. . . ., . . 0-18 

Sulphur .. .. .. .. not over 0*04 per cent. 

Phosphorus .. .. .. ,. „ p .04 

In the annealed state, the tensile strength is from 30 to 40 
tons per square inch, with a yield ratio of from 0-75 to 0-80, 
and an elongation of from 15 to 20 per cent. 

When correctly heat-treated, the tensile strength may bo 
varied from 80 to 125 tons per square inch, with a correspond¬ 
ing elongation of from 12 to 4 per cent., respectively. 

In the case of most spring steels, the heat-treatment is 
specified by the steel manufacturers and should be carefully 
followed. 

Manganese Steel. 

Practically all carbon and alloy steels contain small quanti¬ 
ties of manganese, as will be seen from the chemical analyses 
shown in Table LXVIII.; it is advantageous and essential to 
retain small amounts of manganese, for it prevents the forma¬ 
tion of iron oxide during melting, heating, and forging opera¬ 
tions, and neutralizes the sulphur present, besides improving 
the strength qualities. It is usually reckoned that each 0 01. 


See Chapter VIII. for particulars of Vickers’ Hardening Process. 
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per cent, of manganese increases the tensile streftgth of carbon 
steel by from 100 to 400 pounds per square inch, depending 
upon whether the steel is acid or basic. When the manganese 
is present in quantities varying from 12 to 15 per cent., the 
steel is non-magnetic* and tough. If quenched from 060° 0. 
the non-magnetic and exceedingly tough qualities are com¬ 
bined. 

Treated in the usual manner for ordinary commercial use, 
by being heated to about 1000° C., and quenched in water, the 
material is very tough and strong, and it is practically non¬ 
magnetic. Heated at about 520° C. for 600 hours it acquires 
an amount of magnetism equal to about 60 per cent, of that of 
pure iron, and at lower temperatures it also becomes magnetic, 
though the change is much slower. Experiments have been tried 
on the destruction of the magnetic quality induced by heat 
treatment at 520°. The material having been heated for a 
certain time was quenched in water and then again heated, 
when it was found that a temperature of 550° or less did not 
diminish the magnetism, which, however, is rapidly diminished 
at a temperature exceeding 640°, and is almost completely de¬ 
stroyed by a few minutes’ heating at 750°. It was anticipated 
that this comparatively sudden change would be accompanied 
by a perceptible absorption of heat, and the heating curves 
clearly show such an absorption, confirming the existence in the 
material of a change point at about 700°. 

While manganese steel after ordinary cooling in air follow¬ 
ing casting or forging is comparatively brittle, hard, and 
non-magnetic, after water-toughening by quenching from 
1000° it becomes exceedingly ductile, though remaining non¬ 
magnetic. But any treatment of the water-toughened material 
which has the effect of making it magnetic, even to a small 
extent, also renders it hard and brittle, and pieces having 
1 per cent, of the magnetism of pure iron, or even less, have so 
far lost their toughness as to be unfit for practical use. As the 
magnetism increases the hardness usually increases also, but 
the addition to the hardness is small as compared with that 

• The metallography of high manganese steel is considered in Chapter IV. 
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accompanying the first traces of magnetism. The change from 
the ductile to the brittle form is accompanied by well-marked 
changes in the microstructure. 

As distinct from most other steels, the effect of tempering 
this steel is to make it progressively harder and magnetic; the 
original tough and non-magnetio condition, may, however, be 
restored by a further heating to from 900° C. to 950° C. and 
quenching. 

The composition of a typical non-magnetic manganese .steel 
is as follows: 

Carbon ,. .. .. .. 1*0 to 1-3 per cent. 

Silicon .. ,. .. .. O-Ii to 0-4 ,, 

Manganese .. .. .. .. 12 to 15 ,, 

Phosphoru.s .. .. . .. 0-11 per cent. 

Sulphur .. .. .. .. 0’03 ,, 

The strength of sheet manganese stool of this composition is 
as follows: 

Yield point .. .. .. lOd) tons per square inch. 

Tensile .strength .. . . 35-0 ,, ,, „ 

Klongation .. .. .. 20 per cent. 

Reduction of area . .. 50 „ 

Sheet manganese can be bent over double without cracking. 

Manganese steel cannot be machined, but may be punched or 
sheared; it is usual to forge this steel first, water toughen, and 
then to finish it by grinding processes. 

Manganese steel has been used in aeroplane construction for 
sheet metal pressings, clips, lugs, etc., but it cannot be welded. 

Manganese Steel Castings.—Castings may be made from this 
high manganese steel, which are sound, but brittle. 

The casting may be considerably improved by heating it 
almost to whiteness and then quenching in water; the effect is 
' to increase both the strength and the ductility. 

The contraction of the castings is rather marked, being about 
I inch per foot. 

Samples taken from typical castings gave the following 
results: 

Elastic limit .. .. .. 20 to 22 tons per square inch. 

Tensile strength .. .. 38 to 42 „ ,, ,, 

Elongation on 2 inches .. 10 per cent. 
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Manganese steel castings are employed for tHe jaws of stone 
crushing mills, large motor sprockets and brackets. 

Tungsten Steel. 

When about 5 to 6 per cent, of tungsten is present in steel 
containing from 0'60 to 0-80 per cent, carbon, the resulting 
steel is particularly suitable for the permanent magnets of 
electrical machines, such as magnetos, measuring instruments, 
etc. 

The following is a typical composition: 

Carbon .. .. .. ., 0*6 to ()*8 j)or cent. 

Silicon .. .. .. .. 0’;il)(n»ax.) ,, 

Manganese .. .. .. .. 0*2 to ()*4 ,, 

Sulphur .. .. .. .. 0-04 (max.) ,, 

Phosphorus .. .. .. 0-04 (max.) ,, 

Tungsten .. .. .. .. 5*0 to 0-0 „ 

The tensile strength properties of hardened tung.sten steel 
are of little importance in view of its application. 

The hardness value of an existing well-known tungsten steel 
magneto magnet* was found to be 652. 

The magnetic j)roperties of this stool are very good, for 
it has a high coercive force, auddiigh permanence or remanent 
magnetism value. 

The Coercive force of a suitably hardened 5 per cent, tung 
sten steel magnet varies from 55 to 65 C.G.S. units. 

The Remanent Flux Density is about 10,000 C.C.S. units. 


Tool Steels. 

Tungsten also enters into the composition of modern high¬ 
speed tool steels, and the well-known mushet, or self-harden¬ 
ing stool is one of this class. 

The following is the composition of a self-hardening or 
mushet tool steel: 


Carbon 

Tungsten 

Chromium 

Manganese 

Sulphur 

Phosphorus 


. 1*60 to 2*00 per cent. 

. 4-0 to 6*0 

. 0-25 to 0‘30 

. 0*30 to 0*50 
. 0*02 to 0*04 ,, 

. 0-02 to 0-04 


* Dr. Hatfield. 
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This stoel When heated to redness and allowed to cool has 
a glass-hardness; it can only bo worked in the red-hot stage. 
It may, however, be ground when cold. 

In the case of some high-speed steels, such as the one given 
below, an air-blast, oil or water medium, is often employed to 
obtain increased hardness, for cutting purposes. Molyb¬ 
denum, chromium, and vanadium often enter into the com¬ 
position of high-speed steels. The following is the conjposition 
of a modern high-speed steel: 

Carbon .. .. .. .. 0‘(K} to 0’80 pur cunt. 

Tun^jiKten .. .. .. .. 8*0 to KbO ,» 

Cliromium .. .. .. .. 3*0 to 5-0 ,, 

Man^janoMu .. .. .. .. 0*1.') to 0*25 ,, 

Silicon . .. . . .. 0*05 to 0-25 

Sulphur .. .. .. .. 0‘()1 to ()*()3 ,, 

1‘liosphorus .. .. .. .. 0*01 to 0*03 ,, 

It will be noticed that the carbon content is lower than in 
the case of mushet steel, but that the tungsten and chromium 
contents are much higher. 

The effect of adding small quantities of vanadium (from 
O'lO to 0-30 per cent.) to high-speed steel, containing high 
tungstim and chromium contents is to raise the critical point 
so that the tool can withstand a higher temperature without 
losing its hardness, that is to say, it can work at a higher 
cutting speed. 

Vanadium high-.speed steel is harder and more durable than 
ordinary high-speed and tool steels. 


Cobaltchrom Steel.* 

This is an air-hardening high-speed steel, which docs not, 
however, contain any tungsten in its composition. It is 
suitable for milling cutters, twist drills, reamers, taps, lathe, 
and other machine tools, and it is claimed that it gives at 
least the same endurance as in the case of tungsten stoel, 
together with a better finish. 

It is supplied in bars of all commercial sections, and in sheets 
from inch in thickness, upwards. 

Cobaltchrom steel is recommended for petrol engine valves, 

* Messrs. Darwm and Miller, Sheffield. 
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high endurance drawing and blanking dies, ‘ shear blades, 
press tools, and hack-saw blades. 

This steel is usually air-hardened from 1000° C., but before 
drawing the tool or part from the muffle furnace the tempera¬ 
ture is allowed to fall slightly, after which the tool or part is 
allowed to cool in still air until it becomes “ black-red,” 
when it is quenched in whale oil. For extreme hardnes.s it 
is quenched out in tepid water. Ff)r shock tools and similar 
objects, air cooling from 1000° C. down to the ordinary tem¬ 
perature of the air, without quenching, is reeomTnended. 


Ball-Bearing Steels. 

In the past, a number of different steels have been em¬ 
ployed for ball and roller bearing.s, including case-hardening 
carbon and alloy steels, carbon and alloy steels. 

The .steels chiefly used at the present time are chromium 
and chrome-tungsten steels. 

The following analyses refi'r to the two best steels obtained 
—results of a larg(>, number of tests* upon ball-bearings made 
from over four hundred different steels: 


A. B. 


Carbon .. 

. . . 1*12 por cent. 

0-05 por cent. 

SiUoon 

. 0-015 .. 

0-014 

Pho.splioniH 

.. 0-017 

(►•OlH „ 

ManjfaiKhHc 

.. 0-l{) 

0-025 „ 

Sulphur .. 

. O-OlO „ 

0-019 

(Uiroinium 

. 0-25 

1-25 

Tungsten 

. 

0-25 

The best ball-bearings are only made from alloy steels 

such as the above. 

the material, after 

heat treatment being 


extremely hard, tough, and of fine texture. 

Ball-bearings for light loads and inexpensive parts are 
often made of a case-hardening carbon or nickel-steel of good 
quality; where carbon steel is employed it should bo of the 
purest grade—such as that made from electrolytic or Swedish 
iron. 

The data given in Table LXXXIII. refers to the crushing 
strength of tool steel balls. 

* Machiiiery. 






Compositions of Automobile and Aircraft Steels (Actual Analyses). 
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In heat-treated condition. t Elastic limit. J Jonas Colver and Co., Ltd. 






Ferrous Materials used in Aeroplane Engines. 
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TABLE LXXXIII. 

Cbushino Strength op Tool Steel Balls. 


Size, 

Inches. 

Orushiny 

Load, 

Pounds. 

Size, 

Inches. ' 

Crushing 

Load, 

PouTids. 

Size, 

Inches. \ 

Crushing 

Load, 

' Pounds. 

iV i 

31)0 

1 

021,5 

5 

39,000 

7l’'j i 

875 

A 

9940 

1 

56,250 

i 

1,502 

1 

14,000 


76,000 

i 

24,50 

-h 

19,000 

1 

100,000 

I'ff 

3490 

i 

25,001) 

'1 

225,000 

■l'’> 

4780 


31,500 


400,1)00 

- - 





' _ . 


Note. —Alloy steel balls are from 20 to 30 {kt cent, stronger than tool 
steel balls. 


Automobile Materials (Ferrous). 

Table LXXX. givo.s some actual examples of the com¬ 
position of ferrous materials employed in automobile work, 
the corresponding mechanical test results being given in 
Table LXXXI. 


Typical Examples of Aircraft M&terials (Ferrous). 

Aeroplane Engines. —The chemical analyses and mechanical 
test results on p. 392 refer to modern aeroplane engines, 
in which the property of maximum strength for w^eight, in 
the materials employed, is of the utmost importance. 

TABLE LXXXIV. 

Ferrous Materials employed for Automobile Member.? 

AND AbRO-EnOINES. 


Name of Pari. 

I Materials Kmplmjed. 

\ 

Et^qines. 

1 

Cylinders 

! Cast iron (Hne grained white, low carbon content), 
40 ton steel wr aoro-cylindors, aluminium alloy 
with steel or iron liners. 

Pistons 

Cast iron (fine grained), medium carbon steel 
or aluminium alloy. 

Piston rings 

Chilled cast iron (mottled). 

Crank'Shaft 

40 ton steel, 3 per cent, nickel steel, chrome- 

• 

vanadium, nickel-chrome (oil-hardened). 



394 AIBCRAFT AND AUTOMOBILE MATERIALS 


Eereous Materials— continued . 


Name of Part. 

Materinla Employed. 

Engines —conti nued 


Camshaft 

Ca.se-hardening nickel steel, C.-H. carbon steel, 
C.-H. nickel-chrome steel. 

Connecting tod 

Nickel-chrome steel, ciirome-vanadium steel, 
40 ton steel, air-hardcning nickel-chromc 
steel (loo tuns). 

Connecting rod bolts .. 

3 per cent, nujkel steel or nickel-chrome .steel. 

(Judgeon pins .. 

('asc-hardening nickel-steel or C.-H. mild stool, 
C.-H. nickel-chrome steel. 

Starting dogs ., 

Case-hardening nickel steel or C.-H. mild steel, 
C.-H. nickel-chromc steel. 

Inlet valves 

Tungsten steel, chrome valve steel, nickel- 
(dirome .steel. 

Exhaust valves 

Tungsten steel, chrome valve steel, 25 per cent, 
nickel stool. 

Gears, high duty 

(A) Air or oil hardening nn'kol-chrome .steel. 

Gears, normal .. 

(B) (’aso-hardening, carbon, nickel or nickel- 
chrome steels. 

Valve springs .. 

Sdicon-mangano.se st(‘el, nickel-ehromo steel, 
carbon spring steel. 

Ball bearings ., 

Nickel-chrome .steel (oil-hardened). 

Good carbon steel (case-hardened). 

Transmission. 


Clutch coupling 

Nickel-chrome steel, 3 per cent, nickel steel. 

Coupling pms ., 

Case-hardening nickel or mild steel. 

Spiders 

Nickel-chrome steel, chrome-vanaduim steel, or 
40 ton steel. 

Gear shafts 

Nickel-chrome steel, chrome-vanadium steel, 
or 40 ton steel. 

Constant mesh pinions 

rasG-hardening nickel steel, or mild steel. 

Striking lever shafts ,. 

Case-hardening nickel steel, or chrome-vanadium 
steel. 

Sliding pinion.s.. 

Case-hardening nickel steel, or mild .steel. 

Universal joint blocks.. 

(’ase-liardening nickel steel, or mild steel. 

Universal joint boss .. 

Nickel-clirome steel. 

Foot brake drum 

Mild steel. 

Foot brake shoes 

Cast iron (medium). 

Worm and worm shaft 

Case-hardening mild steel. 

Brake and operating rods 

Bright drawn mild steel. 

Axles. 


Tubes 

40 ton steel, nickel-chrome steel. 

Shafts 

Nickel-chromc steel, 3 per cent, nickel steel. 

Bevel pinions .. 

Case-hardening mild steel, nickel-chrome steel 
(case-hardening). 

Crown wheel 

Case-hardening mild steel, nickel-chrome steel 
(case-hardening). (Also 100 ton air-hardening 
nickel-chrome steels.) 

Spider .. 

Nickel-chrome steel, chrome-vanadium, medium 
carbon steel. 

Cams (brake) .. 

Case-hardening nickel steel, C.-II. mild steel. 

Propeller shaft.. 

Nickel-chrome steel, chrome-vanadium steel. 

• 
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Ferrous Materials - co:n.!mM«<i. 


Name of Part 

Axles - continued 
Torque tube 

Radius rod 

Tie rods 

Leaf springs 

Materials Emj)loycd. 

40 ton steel, nickeUohrome steel. 

Bright drawn mild steel, or chrome-vanadium 
steel. 

Bright drawn mild steel, or chrome-vanadium 
steel. 

Chrome-vanadium steel, silico-manganese steel, 
high silicon steel, ohrome-silicon steel. 

Chassis and Steekino. 
Chassis, frame .. 

Nickel steel, mild steel, nickel-chrome .steel. 

Shackles 

Nickel-chrome steel, ehromo-vanadium steel. 

Front axle 

medium carbon steel. 

N ickel-chromo steel, chrome- vanad ium steel, 

Cross members.. 

good carbon steel. 

Nickel steel, mild steel. 

Steering swivel 

Nickel-chrome steel, chrome-vanadium .steel. 

good carbon steel. 

Swivel pins 

Niokel-chromc .steel, chrome-vanadium .steel, 

Steering arms .. 

good carbon steeU 

Nickel-chrome steel, chrome-vanadium steel. 

Steering links .. 

good carbon steel. 

Nickel-chrome steel, chrome-vanad ium steel. 

Worm 

good carbon steel. 

Case-hardening mild steel. 

Sector 

Case-hardening mild steel. 

Worm shaft 

(lood mild steel, nickel steel. 

Sector sliaft 

Ciood mild steel, nickel steel. 

vSteenng pm joints 

Case-hardening nickel steel. 

Rail joints 

Case-hardening nickel steel. 

Spring clips 

Oood mild steel. 







CHAPTER VII 

COMMERCIAL FORMS OF FERROUS MATERIALS 


Sheet Steels. 

Most of the steels hitherto considered can be j)rodnced 
in the form of sheets by suecessive rolling processes, during 
which the material becomes hardened, unless frequently 
annealed. 

The steels employed for sheets may be broadly divided into 
two cla.sso.s—namely, [a] Weldable Steels and (b) Hiiweldable 
Steels. 

Class (a) includes the low and medium carbon steels and 
also low nickel steels. 

Class (b) includes high carbon and alloy steels .such as 
nickel-chrome, chrome-vanadium, manganese, etc. 

The weldable steels can be hammered and bent cold to 
fairly sharp angles without cracking. 

The high tensile steels can generally bo bent cold in the 
annealed state, but require sub.sequent heat treatment in 
order to develop their full mechanical strength pioperties. 

Table LXXXV. gives the mechanical properties of the 
principal steels used in the sheet form. 

Mild and Low Carbon Sheet Steels. 

These steel sheets are more widely employed in automobile 
work than any other, for pressed parts such as bonnets, 
mudguards, wings, body work, and sheet metal fittings. 
Mild steel sheets are also employed in aircraft work for fittings 
requiring welding, for bent-metal parts, and for clips and fittings 
which are not heavily stressed. 

This steel can be easily punched, drilled, sheared, and bent to 
sharp angles without cracking, and is particularly suited to 
hand sheet metal work. 


396 
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TABLE LXXXV. 

Properties op Sheet Steels. 


Maleritil, 

Condition. 

Yidd 
Foint. 
Ton.i per 
Sipiare 
Inch. 

Tensile 
Slremjth 
Tons per 
Square 
Inch. 

Floiuja- 
tion on 

2 Inches 
per Cent. 

Elonga¬ 
tion on 

2 Inches 
per Cent. 

Mild stool slu'ct. 

As rolled. 

18 

26 

30 

40 

I.A.S.B. extra sofi 
carbon steo! 

shoot. 

Annealed (.speci¬ 
mens cut in any 
direction). 

13‘4* 

22-3* 

25* 

(on 4 

inches) 

— 

I. A. S. 15. soft 

carbon Ktcel 

sheet. 

Annealed (speci¬ 
mens cut in any 
direction). 

10-0* 

26-8* 

22* 

(on 4 
inches) 

— 

I.A.S.B. onc-Iialf 
hard carbon 

steel sheet. 

Annealed (speci¬ 
mens cut in any 
direction). 

20-5* 

3;t-5* 

18« 

(on 4 
inches) 

— 

“Best quality” 
aeroplane steel 
•shoots K.A. 

As taken from 
sheet. 

25* 

50* 

10* 

(on 4 
inches) 

20* 

I.A.S.15. standard 
alloy steel 

shccts.f 

Heat-treated ac- 
-(hording to 
inamifacturer’s 
instructions. 

44-5* 

15 

(on 4 
inches) 


Firth’s (!N/1 cru¬ 
cible 5 per cent, 
nickel steel 

sheet. 

As rolled. 

1 Annealed. 

1 Heat-treated. 

20 

2!t 

30 

:i4-5 

35 

40 

19-5 33 

24 35 

20 40 

Firth’s 25 per 
cent. nickel 

steel sheets. 

1 As rolled, 
r Heat-treated. 

36-0 

28 

52-6 

42-9 

20 ; 
34-3 

23-3 

37*9 

Firtli’.s non-oorro- 
diblo high ten¬ 
sile steel .sheets.. 

1 Annealed, 
i Heat-treated. 

35 

55 

60-4 

01 

18 

11-5 

31-9 

24-9 

Bullet - proof 
nickel • chrome 
.steel plate.f 

Manganese steel 
plate. 

Heat-treated. 

Toughened by 
quenching. 

60 to 80 

20 

80 to 120 

35 

10 to 4 — 

10 to 15 — 


♦ Minimum values. 


f See p. 404 for fuller particulars. 
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Chemical Properties.— The carbon content of this class of 
steel varies from O-Oo to 0-60 per cent., according to its 
application. 

Mechanical Properties. —^Specifications for sheet steels of this 
class require that test strips,* cut in any direction from the 
sheet, shall conform with certain minimum conditions of yield 
stress, tensile strength, elongation, and reduction of area, 
similar to the given in Table LXXXV. and in the specifications 
given upon p. 400. 

It is now' general to stipulate a bond testf for strips cut in 
any direction; the strips should be capable of being hammered 
over, or otherwise bent, cold, through an angle of 180“, 
that is to say, parallel to the original direction, to a radius 
equal to the thickness of the plate, without cracking on the 
outer surface of the bend. 

A further test, often specifi.od, is that strips, IJ inches wide, 
cut from the sheets, and with the edges rounded, shall stand 
reverse bending cold, through an angle of 00“, for not less than 
three complete reversals without fracture. 

Weld Test.-It is sometimes desirable to specify that a 
w elded joint of the sheet material shall be tested intemsion, and 
that the efficiency of the weld shall be not less than from 
80 to 85 per cent, of that of the unwelded metal. 


International Aircraft Standard Sheet Steels. 

Three mild steels for shoots are speciliod for aircraft work—namely, 
(a) Extra Soft Carbon Steel, (b) Soft Carbon Steel, and (c) Half Hard Carbon 
Steel. 

The ateek should be manufactured, or at least finished by the open- 
hearth, electric-fumace, or crucible process. 

A sufficient discard should be made from each ingot to secure freedom 
from piping and undue segregation. 

Sheets, unless ordered cold-rolled, shall be full pickled. 

Chemical Composition. 

The following are the specified percentage compositions 

♦ The standard test piece for aircraft work measures 4 inches (gauge 
length) by 1^ inches wide, by gauge thickness. 

f For particulars of methods of testing sheet-metal, see p. 74 et 8eq. 
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TABLE LXXXVI. 

Material Specifications of Carbon Sheet Steels. 


No. 

Malerial. 

Carhon. 

! 

Mangane.'<e. 

Phosphorus 

{max.). 

Sulphur 

{max.). 

1010 

Extra soft carbon 

(1-05 to 0-16 

0*30 to O-OO 

0-045 

0-050 

1020 

Soft carbon 

0-15 to 0-25 

0-30 to 0-«0 

0-045 

0*060 

1025 

Soft carbon 

0*2() to 0*30 

0*50 to 0-80 

0-045 

0*050 

1030 

Half hard carbon .. 

0-25 to ()-35 

0*50 to 0*80 

()*()4r> 

0*050 

1035 

Half hard carbon .. 

0*30 to 0*40 

0*50 to 0*80 

0-045 

0-050 


Note .—When electric or crucible furnace steel is speciHed in the order 
tho maximum allowable percentages of phosphorus and sulphur may be 
limited to 0*03 per cent. 


Heat Treatment. 

Sheets are to be well an<l uniformly annealed, in accordance with good 
commercial practice. I’or sheets lighter than 0*005 inch (1*05 mm.) box 
annealing is preferred. For sheets 0*005 inch and tliicker, ojien annealing 
is preferred. 

Workmanship and Finish. 

It is .stipulated that the sheets mu.st be commercially Hat, clean, smooth, 
free from seams, laminations, blisters, and otlier surface ilefect.s. They 
must bo uniform in quality, and within the following margins of manufacture. 


TABLF LXXXVIl. 

Tolerances for Standard Steel Sheets. 



1 


1 

Tolerance for 

Thickness. 

Toleiance for l4-iiich (35*6 cuts.) 
Wide Sheets, and Under. 

Sheets over 14 
Inches (35*6 





cuts.) Wide. 

Inches. 

MiUtmclres. 

Inches. 

Millimetres. 

Inches\ 

Mm. 

0 to 0-020 

0*51 

+ 0*011 to-0*002 

- 1 - 0-03 to ~ 0-05 

-40-002^ 

+0-05 

0-021 to 0-030 

0*54 to 0*76 

+ 0*002 to - 0*003 

-1-0-05 to-0-08 

+ 0*003 

+ 0-08 

0*031 to 0*040 

0-70 to 1-02 

-1-0-003 

-40-08 

-40-4)03! 

+ 0*08 

0-041 to 0-050 

1-06 to 1-27 

+ 0-003 

-40-08 

-40-004 

+0-10. 

0-051 to 0-005 

1*30 to 1*65 

-40-004 

+ 0*10 

+ 0-004 

+0-10 

0*066 to 0*080 

1*68 to 2*03 

+ 0-004 

-40-10 

+0-005 

+0-13 

0-081 to 0-100 

2-06 to 2-54 

+ 0*006 

+ 0*15 

+ 0-006 

+0-16 

0*101 to 0*120 

2*57 to 3*05 

+ 0*006 

+ 0*15 

+ 0-007 

+ 0-18 

0-121 to 0-250 

3-08 to 0-35 

+ 0*006 

-40-15 

+0-008 

+ 0-20 


Physical Properties and Tests. 

(a) Specimens cut in any direction from the sheets shall have the following 
properties 
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TABLE LXXXVIII. 

Tensile Test (6) Minimum Values. I.A.y.B. 


No. 

Material. 

Minimum 

Yield Point. \ 

Minimum 
Tensile Stre,ngth. 

Minimum 
Elongation 
per Cent. 

1010 

' Extra soft car¬ 
bon steel 

LUh. 8q. Id. i 
30,000 

KtC. Sq. 
itiln. 1 

21*09 

' Lbs. sq. ill j 

50,000 

Kg. sq. nini. 

,35-2 

. On 4 ins. 

1 (10r»'' min.) 
25*0 

10201 
102.') 1 

Soft carbon 
steel 

1 36,000 

2.5*31 

60,000 

42-18 

22*0 

io;io\ 

1035/ 

Half hard car¬ 
bon steel 

1 45,000 

' 31*64 ! 

75,000 

52-73 

18*0 


Bend Teat. —(c) Strip.s cut from sheets shall stand being bent cold through 
an angle of 180'’ in any direction, to a radius equal to the thickness of the 
sheet without fracture. 

{d) Strips IJ inch (31'7-5 mm.) wide, cut from sheets and with edges 
rounded, shall stand reverse bending, cold, through an angle of 90°, for not 
less than three complete reversals without fracture. The test is to bo made 
in a square-nose vice, the edge.s over which the specimen is bent being rounded 
to a radius equal to three times the thickness of the sheet. 

Selection of Test Specimens. 

Throe sheets shall be taken from each annealing box to represent the top, 
middle, and bottom of the stock, or one sheet from each 25, when sheets are 
open-annealed. One tensile, one bend, and one reverse bending test shall 
be made from each sheet selected. 

Delivery. —It is specified that all .sheets should be oiled for protection 
against corrosion. Sheets thinner than 0*()()5 incli shall be boxed, the weight 
of each box with contents not exceeding 220 i)ounds. 

Sheets thicker than 0*065 inch up to 0*125 inch should be crated, the 
weight of the loaded crate not exceeding 220 pounds. 

Sheets thicker than 0*125 inch may be bundled, the weight of such bundle 
not exceeding 220 pounds. 

High Tensile Sheet Steels. 

It is now possible to obtain in the sheet form steels, such as 
low and high nickel, nickel-chrome, chrome-vanadium,manga¬ 
nese, and similar steels, possessing almost identical properties* 
to those discussed in the previous chapter. In general, these 
sheet steels are not recommended for hand bent sheet metal 

* In general, for the same chemical compositions these steels fire harder, 
due to the rolling operations. 
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work, in view of the possibility of over-bending in the cold, 
and of the smaller elongation. 

Sheet metal parts for aircraft fittings should preferably bo 
pressed or stamped, and suitably heat-treated afterwards, in 
order to develop their full mechanical properties. 

For aircraft work, where lightness is essential, it is possible 
to obtain from the manufacturers sheet steels which, when 
properly heat-treated, will give tensile strengths varying from 
50 to 100 tons per square inch. 

Low Nickel Sheet Steel. 

Steel containing about 5 per cent, of nickel* and medium 
carbon contimt, closely resembling the low nickel steels men¬ 
tioned in the previous chapter, is employed to a considerable 
extent in connexion with aircraft work. 

This sheet steel may be punched, sheared, drilled, and bent 
cold to shar]) angles without cracking, but requires a greater 
bending effort than in the ease of low carbon steels. It is 
used for aircraft lugs, wiring plates, socket-clips, brackets, 
clips, engine plates, etc. 

This steel can, with special care, be welded by the acetylene 
process. Annealing the rolled sheet itnproves its ductility 
without impairing the strength, and this process should be 
applied to all sheet metal parts after their manufacturtc in 
order to relieve thetn from bending and hammering internal 
strains, etc. 

In Table LXXXIX. the typical test results given refer to the 
properties of the 5 per cent, nickel steel, mentioned in the foot¬ 
note, the tests being made upon 14 S.W.O. (0-080 inch) sheets. 

High Nickel Sheet Steel. 

Steel containing 25 per cent, nickel is frequently employed 
in the sheet form for aircraft fittings; this steel, which is 
identical with that mentioned in the previous chapter, is non¬ 
magnetic and practically non-oorrodible when suitably heat- 
treated. 

* A typical stool of this class is Firth’s CN/l crucible 0 per cent, nickel 
sheet steel. 
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TABLE LXXXIX. 

Propeetibs op 6 PER Cent. Nickel Sheet Steel. 


Condition. 

Yield Point. 

Tom per 
Square Inch. 

Strength. 
Tons per 
Square Inch. 

Elongation 
per Cent, 
in 2 Inches. 

Reduction 
of A rea 
per Cent. 

As rolled 

26 

36-4 

19*6 

33 

Annealed 

29 

35-0 

24-0 

35 

Heat-treated .. 

30 

40-0 

26-0 

40 


Sheets made of this steel may be cold bent and machined 
without difficulty, in the rolled or annealed state; they 
can be welded, if suitable precautions are taken, and also 
brazed. 

This material is used for aircraft clips, lugs, brackets, engine- 
plates, parts situated near compasses, etc. 

The following are the results of tests* made upon 14 S.W.O. 
(=0-080 inch) sheets. 


TABLE XC. 


Properties of 25 per Cent. Nickel Sheet Steel. 


Condition. 

Yield Point. 

Tons per 
Square Inch. 

Tensile 
Strength. 
Tons per 
Square Inch. 

Elongation 
per Cent, 
in 2 Inches. 

Reduction 
of Area 
per Cent. 

As rolled 

36-8 

52-6 

20 

23-3 

Heat-treated .. 

28 

42-9 

34-5 

1 

37-9 


It will be observed that the ductility is greatly increased, and 
the tensile and yield strengths lowered by heat treatment; 
the steel is, however, practically non-magnetic in this state. 
In order to preserve the non-magnetic property, after welding, 
or heating the finished parts, or material for any purpose, 
it is necessary to reheat them. 


Firth’s N3/26 crucible 25 per cent, oiokel steel sheets. 
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Non-Corrodible High Tensile Sheet Steels. 

“ Stainless,” or high chromium steels* are now employed 
for aircraft sheet metal parts which arc exposed to oxidizing 
atmospheric or sea-water influences. These steels success¬ 
fully resist the above corrosive actions, and may bo employed 
for all exposed fittings of aeroplanes, airships, seaplanes, etc. 

By suitable heat treatments, f tensile strengths varying 
from 40 tons per square inch with 28 per cent, elongation, 
up to 90 tons per square inch with from 8 to 12 per cent, 
elongation, can be obtained. 

It is possible to braze this material, but it i.s not satis¬ 
factorily? to weld it, as the welded joint is liable to corrode 
quickly, owing to the effect of the welding heat, in altering the 
structure and composition of the material. After brazing or 
any heating operation, it is necessary to reheat this steel. 

Sheets of tins material may bo bent cold, in tin? annealed 
state, without cracking. 

The following results^; were obtained from tests upon 
14 S.W.G. (0'()80 inch) sheets: 


TABLE XGl. 

Proi’euties of NoN-t'oRRoniBLE Sheet Steels. 


Condition. 

Yield Point. 

Toym per 
Square Inch. 

Ten.nle 
Stienqth. 
Ton» per 
Square Inch. 

Klonqation 
per Cent, 
in 2 Inches. 

Reduction 
of A rea 
per Cent. 

Annealed .. 

Heat-treated .. i 55 

50-4 

fil 

IH 

11-5 

31-9 

24-9 


High Tensile Sheet Steels. 

Nickel-chrome, chrome-vanadium, and similar steels are 
supplied in the sheet form for higli tensile fittings for auto¬ 
mobile and aircraft work. 

» See p. 377. 

t Particulars of heat treatments and corresponding strengths aro given 
on p. 381. 

t Messrs. Firth’s F.A.S. (non-corrodible) high tensile steel sheets. 
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In general these steels are not weldable, but can be hard 
or soft soldered. 

Parts made from these sheets should be stamped or pressed 
from annealed sheets, and afterwards heat-treated. These 
steels are employed for parts where maximum strength and 
fatigue resistance combined with minimum weight are 
essential. 

It is usual to specify, what is known as “ High Tensile ” 
sheet steel, to possess the following properties: 


Yield point 
Tensile strengtli 
Elongation in 4 inches 
Reduction of area 


Minminm Values. 

25 tons per square inch. 
50 

10 per cent. 

20 „ 


This material should be capable of being bent over double 
in any direction, to a radius equal to one-half of the sheet¬ 
thickness, without cracking. 

The following are the permissible limits of variation for 
the sheet thicknesses: 


TABLE XCII. 

Tolerances eor Sheet Steels. 


Thickness of Sheet. 

Maximum Permissible 

V ariation. 

Inches. 

■S.IK.O. 

Inches. 

0-19 to 0-10 

6 to 12 

-I- 0-000 to -- 0-006 

0-10 to 0-048 

1,3 to 18 

-f 0*004 to - 0*004 

0*048 to 0-02S 

10 to 22 

-1-0-002 to -0-002 

0*028 and above. 1 

23 and above. 

+ 0-001 to -0-001 

_ _ 1 


— 


International Aircraft Standard Specification for Alloy Steel 
Sheet. 

3528— Specifications for Alloy Steel Sheet- 
General.— 1. Th« general specifications, IGl, shall form according to 
their applicability, a part of these specifications. 

Material.— 2. The material for these sheets shall bo chosen from the 
1.4.S.B. standard alloy steels listed below; 
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TABLE XCriI. 

Chemical Composition op Standaed Alloy Steels. 


Nickel Steels. 


No. 

Carbon. 

Manganese. 

Phos¬ 

phorus 

{max.). 

Sulphur 

{max.). 

Nickcl. 

Chromium. 

2,'! 15 

0-10 to 0-20 

0-30 to 0*60 

0-040 

0-045 

3-25 to 3-75 


2320 

0*15 to 0-25 

'0*30 to 0-00 

0*040 

0-04.'> : 

3-23 to 3-73 

— 

2325 

0-20 to ()-30 

0*50 to 0*80 

0-040 

0*04.'> 

3-25 to 3-75i 

— 


__- 

- 






Nickel-Chromium Steels. 


No. 

Carbon. 

Manganese. 

Phos- 1 
phorus 
{max.). 

Sulphur 

{max.). 

Nickd. 

Chrom ium. 

3120 

0-15 to 0*25 

0*30 to 0*6o' 

0-040 

0-045 

1-00 to 1*50 

0*45 to 0*75 

3215 

0*10 to 0*20 

0*30 to 0-50 

0-040 

0-045 

1*50 to 2-(X) 

0*90 to 1*25 

3315 

0-10 to 0-20 

0-30 to 0*60 

0-040 

0-045 

2*75 to 3*25 

0*70 to 1*45 

3315 

0-10 to 0-20 

0-30 to 0*00; 

1 

0-040 

0-045 

3*25 to 3-75 

1-25 to 1*75 


Chromium-Vanadium Steels. 


No. 

1 

Carbon. 


Phos¬ 

phorus 

{max.). 

Sulphur . 
(uHia;.). 

Chromium} 

Vanadium 

{min.). 

6120 

0-15 to 0 - 25 ' 

1 J 

0-30 to O-tiO! 

0-040 

0*045 

1 

0*60 tf) 0-90 

0-15 


The composition shall bo stated by the manufacturer or contractor and 
is further limited as follows Carbon, not over 0*2.'!) per cent. 

Manufacture.— 3. (a) The steel shall be manufactured, or at least 

finished, by the open-hcartli, electric-furnace, or crucible process. 

{b) A sufticient discard shall be made from each ingot to secure freedom • 
from piping and undue segregation. 

(c) Sheets, unless ordered cold-rolled, shall be full pickled. 

(d) Sheets are to be well and uniformly annealed in accordance with good 
commercial practice. For sheets lighter than 0*065 inch (1*65 mm.), box 
annealing is preferred. For sheets 0*065 inch {1*65 mm.) and thicker, open 
annealing is preferred. 

Heat Treatment — {e) The manufacturer shall state the heat treatment 
recommended to give the physical properties specihed. 

WoEK.HANSHiP AND FINISH. — 4. (fl) The shcots must be commercially 
flat, clean, smooth, free from seams, laminations, blisters, and other surface 
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defects. They must bo uniform in (juality, and within the stipulated 
margins of manufacture. 

(6) Any sheet may be rejected because of injurious defects or faults in 
manufacture at any time, notwithstanding that it has previously been 
accepted by tlio inspector; it sliall be returned to the manufacturer at the 
latter’s expense. This clause shall not be taken to apply to materials 
fabricated after export. 

Physical Proi'Eetij£.s and Tests.— 5. (a) tSpccimens cut in any direc¬ 

tion from the lieat-troated sliect-s sliall have the following proiwrtios: 

Tensile Test. — {b) Minimum tensile .stiength, 100,000 pounds per s<iuaro 
inch (70*30 kg. per mm.); minimum yield iioint, 75,000 pounds per square inch 
(52*73 kg. per mm.); minimum elongation, 15 per cent, in 4 inches (101*6 
mm.). 

Bend Test. —(c) Stiips cut from annealed sheet.s shall stand being bent 
cold through an angle of 180 degrees, in any direction, to a radius equal to 
the thickness of the 8hc(4 without fracture. 

(d) Strips IJ inches (31*75 mm.) wide cut from annealed sheets and with 
edges rounded, .shall stand reversed bending, cold, through an angle of 
90 degrees for not le.s8 than three complete reversals, without fracture. The 
tost IS to bo made in a square-nose vice, the odge.s over which the specimen 
is bent being rounded to a radius equal to three limes the thickncs.s of the 
sheet. 

Selection of Test Specimens. —0. Three sheets shall bo taken from 
each annealing box to represent the top, middle, and bottom of the stack, 
or one .sheet from each twenty-live when sheets arc open annealed. One 
tensile, one bending, and one reverse bending tost, shall be made from each 
sheet selected. 

Dimensions and Tolerances. —7. The dimensions and tolerances shall 
be those given in the table below and in the specifications 3i^ll. The 
thickness will be spcciticd in decimals of an inch or millimctics 


TABLE XCIV. 

Table op Tolerances for Standard Steel Sheets. 



1 

Ttdtrance for Bheets 

Tolerance for Sheets 

Thickness. ; 

14 Inches (33*6 m.) 
Wide and Under. 1 

! 

over 

(35*6 

14 Inches 
cm.) Wide. 

Inches. 

' Millimetres. 

I nches. 

Millimetres. 

I nches. 

Millimetres. 

•0 to 0*020 

0-51 

+ 0*001 
i -0*002 

+ 0*03 
- 0*05 

+ 0*002 

+ 0*05 

0-021 to 0-030 

0-54 to 0-70 

+ 0-002 
~ 0-003 

+ 0*05 
-0*08 

±0-003 

+ 0-08 

0*031 to 0*040 

0-79 to 1-02 

+ 0-003 

+ 0-08 

+0-003 

+ 0*08 

0-041 to 0-060 

1*05 to 1*27 

+ 0-003 

+ 0-08 

+ 0-004 

+ 0-10 

0-061 to 0-065 

1-30 to 1-66 

+ 0-004 

+0-10 

+ 0*004 

+0-10 

0*066 to 0*080 

1-68 to 2-03 

+ 0-004 

+0-10 

+ 0-005 

+ 0-13 

0*801 to 0*100 

2-06 to 2-54 

+ 0-006 

+0*15 ' 

+0*006 

+ 0-15 

0-101 to 0-120 

2-67 to 3-05 

+ 0-006 

+ 0*15 

+ 0-007 

+ 0-18 

0-121 to 0 250 

3*08 to 6*35 

+ 0-006 

1 

±0*15 

1 

+ 0-008 

±0-20 
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Delivery, Packing, and Shipping.— 8. (o) Sheets shall be cut to the 
required dimensions and shall be ordered in as narrow widths as can bo 
used. 

(6) All sheets shall be oiled for protection against corrosion. 

(c) Sheets 0*065 inch (1'65 mm.) or thinner shall bo boxed, the weight 
of the box with contents not to exceed 220 pounds (100 kg.). 

{d) Sheets thicker than 0*065 inch (1*65 mm.), up to an<l including 
0*125 inch (3*18 mm.), shall be crated, the weight of crate and contents 
not to exceed 220 pounds (100 kg.). 

(e) Sheets thicker than 0*125 inch (3*18 mm.) may be bundled, the weight 
of bundle not to exceed 220 pounds (100 kg.) 

When electric or crucible furnace steel is specified in the order, the 
maximum allowable percentages of phosphorus and sulphur may, at the 
option of the purchaser, be limited to 0*03 per cent. 


Manganese Sheet Steel. 

Manganese sheet steel containing up to about 1 per cent, 
of manganese is both tough and ductile; it can be cold bent 
and worked satisfactorily without exhibiting defects. High 
manganese steel,* .containing from 11 to 14 per cent, of 
manganese, when suitably quenched from about 950° C. 
becomes exceedingly tough and non-magnotic; by progres¬ 
sive tempefing, the material becomes harder, but more and 
more magnetic. 

This sheet steel, in the commercial form, is very difficult 
to work, but it can bo punched and sheared; in many cases 
parts may be ground to shape. 

When toughened by quenching, high manganese sheet steel 
can be obtained, with a yield strength of about 20 tons per 
square inch, and tensile strength of about 35 tons per square 
inch. It can bo bent over double to a very small radius 
without exhibiting cracks. 

Bullet- and Shrapnel-Proof Sheet Steels. 

These steels are usually either nickel-chromof or chromo¬ 
vanadium, air, oil, or water hardened; parts made from 
such materials are stamped, pressed, or otherwise marked in 
the annealed state, first, and hardened afterwards. Tensile 

* Also see p. 384. 

•f For fuller particulars of these steels, refer to the previous chapter. 
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strengths varying from 80 to 120 tons per square inch with 
from 16 to 8 per cent, elongation are obtained after suitably 
hardening. 

These steels are employed for light bullet- and shrapnel- 
proof parts, such as machine-gun shields, shrapnel-proof in¬ 
fantry helmets, aircraft seats, tanks, and armour, etc. 

Bullet-proof plates should have a Brinell hardness of from 
300 to 500. 

For ordinary Mark VII. nickel pointed lead bullets, a 
bullet-proof steel plate of 10 S.W.G. (0-128 inch), weighing 
5-12 pounds per square foot, will successfully resist penetra¬ 
tion at a range of 450 yards. Hardened nickel-chrome steel 
plates of 12 S.W.G. (0-104 inch), weighing 4-16 pounds per 
square foot, are bullet-proof at about 500 yards range; plates 
of 3 S.W'.G. (0-252 inch), weighing 10-10 pounds per square 
foot, are bullet-proof to ordinary pointed bullets at about 
500 feet range. 

The armour-piercing typo of bullet, having a glass-hard alloy 
steel pointed core, with nickel or copper sheath, will penetrate 
any of the above plates, but will not perforate, at a range of 
500 yards, a nickel-chrome plate of about 4 S.W.G. (0-232 inch), 
weighing 9-28 pounds per square foot or a plate of 0-34 inch 
thickness, weighing 13-8 pounds per sqtiare foot at 100 yards 
range. 

A type of bullet-proof plate* much used in trench warfare 
during the late war was 0-376 inch in thickness, and as an 
inspection test before delivery had to withstand the concen¬ 
trated fire of the new 0-276 inch bore rifle, which has a much 
greater penetrating power than the 0-303 inch type. 

A bullet proof plate of 8 mm. thickness produced by Messrs 
W. Beardmore was shown to also be proof against attacks 
by Mills’ bombs, but it was found that the ordinary 7 mm. 
plates were not capable of stopping the Mauser bullet fired 
in the reverse way (to give it greater penetrating power), 
so that it was finally decided to employ a 10 mm. plate. 

It has now become possible to produce a special alloy steel 

* The Beardmore Neme, February, 1919. 
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plate of 10 mm. thickness, which will be proof at 60 yards 
range against either the h'rench or German armour-piercing 
bullet; this type of plate is eminently suitable for armouring 
cars, tanks, etc. 

The later types of tanks employed, in vital places, armour 
of 16 mm. thickness. 

Electrical Sheet Steels. 

Sheet steels* containing a low carbon content are employed 
for the stampings or punchings of laminated cores of electrical 
machinery, for magnetic circuits, (ite. 

Such .steels shoidd pos.ses.s low hysteresis losses, and high 
permeability, together with non-aging characteristics. It 
has been found that low carbon steel, containing from 3 to 5 
per cent, of silicon, is particularly suitable for transformer 
sheets on account of its low core losses and high per¬ 
meability. 

Table XCV. gives typical rcsultsf for electrical .sheets. 

Steel Tubing. 

There arc, at present, throe principal classi's of steel tubing 
of the solid, or non-Hexible, variety, in everyday use, namely, 

(n) Weldles.s, or Seamlc.ss tubing; (6) Welded tubing; and 
(c) Open Seamed or Conduit tubing. 

Class (a) is produced from a hollow billet by drawing or 
rolling, and is uniform in structure. 

Class (6) is made by bending or rolling strip.s of steel to a 
circular or any other section and welding the junction. 
Class (c) is made exactly similar to the preceding, but is not 
welded; it is employed in cases where the tubes are lightly . 
loaded—such as for electric wire conduits, and ornamental 
purposes. 

Seamless tubing can be produced in both carbon and alloy 
steels, and is of uniform strength, on account of the absence 
of joints. 

* See alwo p. 397 and 398. 
f American Sheet and Tin Plate Company. 
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TABLE XCV. 

Properties op Electrical Sheet Steels. 



Ordinary 
Dynamo and 

Special 
Dynamo and \ 

Transformer 

Sheets. 

Material. | 

! 

Motor Sheets. 

Motor Sheets. '■ 


Low 

i 

Low 

4 per Gent. 


Open Hearth 

•1 

■v 

51- 

Silicon Low 

i 

Carbon Steel. 

Carbon Steel. 

Carbon Steel. 

! 

S]>(?cific gravity {sheet form).. 
Yield point, across grain, 

7-7'J 

7-72 

7-5 

pounds per square inch 
Tensile strength, across grain, 

! SO,000 

, 35,000 

i 

29,000 

pounds per square inch 
Elongation in 8 inches, across 

48,000 

52,000 

96,000 

grain, per cent. 

Yield point, along grain, 

21 

25 

2-4 

pounds per square inch 
Tensile strength, along grain. 

‘ 33,000 

38,000 

22,000 

pounds per square inch 
Elongation, along grain, i>er 

j 5.5,000 

01,000 

102,00) 

cent. .. 

22 

19 

2-1 

Resistivity, microhm-cm. 
Hysteresis loss at |(3—10,000 

8 to 12 

i 

15 to 18 

40 to 50 

ergs per cubic cm. per cycle 

1 4042 

3336 

1796 

Hysteresis coefficient .. 

I 0-001009 

0-001328 

0-000715 


Welded tubing possesses the advantage that a more uniform 
wall thickness can be obtained, free from drawing marks, 
and is not subjected to the disadvantages which often occur 
in the case of drawing and length rolling processes; it is only 
possible, however, to employ welding steels such as low and 
medium carbon, and low nickel steels. The process of manu¬ 
facturing welded tubing is quicker and less expensive than 
that of drawing or rolling, but the strength of the welded joint 
is rather an uncertain quantity; this class of tubing is not 
employed for aircraft work. 

In the case of certain mild steels, the tubing is often first 
made by welding the rolled plate with an electric arc which 
can travel along at a uniform rate, and the welded tube is then 
drawn through dies in the ordinary manner; very satisfactory 
results are thus obtained, and the method is applicable to non- 
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ferrous metals, such as brass, but using a brazing process 
instead of welding. 

Manufacture of Seamless Tubing. 

The method of manufacturing this class of tubing can best 
be described by quoting from an interesting paper* upon the 
subject, given before the Aeronautical Society in 1918, as 
follows: 

“ To commence the manufacture of a .seamless tube a solid 
billot of stool, well hammered and rolled, is taken. This billot 
must be carefully examined for various faults, and any lamina¬ 
tion or surface defect removed by chipping, or else the outside 
of the billet must b(> turned all over. The usual practice when 
the latter is done is to turn about § inch off the diameter of the 
billet. 

“ The first operation is then to pierce a hole. Two ways of 
doing this are in general use: one is by means of a hydraulic 
press, similar to the method of piercing shells so common in 
this country to-day, and the other by moans of a rotary pierc¬ 
ing machine. The billet, first centred with largo shallow holes, 
is heated to about 1200° 0. and fed between rolls having a 
curved outline and set at an angle which imparts a forward 
movement to the billet as it is rotated. Great pressure is used 
(which causes the billet to tend to open along its axis), and 
the billot is forced against and over a pointed mandril held on 
the end of a stout rod, which butts against a bracket at a 
distance of about 7 feet from the centre of the rolls. 

“ billet, 4 inches diameter by 24 inches in length, will be 
made in one operation into a tube about 4 feet to 5 foot long. 
The pierced billet is then taken to another machine which is* 
provided with upper and lower rolls having semi-circular 
grooves of various radii, and by a series of operations is rolled 
into a tube of the required size. The tube is passed over 
mandrils to give the required thickness. 

* “JStoel Tubes, Tube Manipulation, and Tubular Structures for Air* 
craft,” by Messrs. W. W. and A. G. Hackett, AeronatUical Journal, April, 
1918. 
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“ A much quicker process of rolling mild steel tubes is by 
means of Pilgre rolls; but for high carbon steel or chrome nickel 
steel this process has been found to be unsuitable. 

“ Cold Drawing. 

“ The first operation in the cold-drawing mills is that of 
‘ tagging ’; the hollow bloom (as the rough rolled tube is called) 
being reduced at one end by suitable semi-circular tools in a 
power-forging hammer. The tube in the drawing operations 
to follow will be pulled through the dies by means of the ‘ tag ’ 
thus formed. A small hole is also put into the tube at the 
point where the tag commences, in order to allow acid and 
water to work through the tube in the subsequent pickling and 
swilling processes. 

“ After being ‘ tagged ’ the tube is annealecl, pickled in a 
bath of acid to remove the scale, and then swilled in clean 
water. Following this, the tube is dried and then immersed 
in a solution of soap, or in oil, to lubricate it for the drawing 
operation. It is now ready for drawing. 

“ There are two methods of cold drawing in general use. One 
is by drawing down the outside diameter of the tube upon a 
long bar of uniform diameter and then passing the tube, while 
on the bar, through rolls fi.xed in a ‘ reeling ’ machine, w'hich is 
similar to that used in the rotary piercing operation. In 
carrying out this method the tube is put on to the bar, which 
must of necessity be smaller than the bore of the tube to bo 
drawn. The tube and the bar are then pulled through a die 
of hardened steel of such a boro as will give the proper reduc¬ 
tion of gauge to the tube. 

“ The tube is gripped on the ‘ tag ’ by means of ‘ dog ’ jaws 
sliding on inclined planes. The ‘ dog ’ is moved along the 
draw-bench by hooks which are dropped into the links of an 
endless chain. The chains move at a speed of from 12 feet to 
35 feet per minute, according to the class of material to be 
drawn. This process of cold drawing permits of a greater 
reduction of thickness at each draw than can be obtained by 
the more usual process of ‘ plug ’ drawing, but is rather harsh 
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on the material, and the expanding of the tubing (already- 
hardened by drawing) to allow the mandril to be extracted 
sometimes causes splits and fractures. These are more likely 
to appear if this process is used after the tube has been drawn 
to a light gauge. 

“ The second method is that known as ‘ plug drawing,’ and 
is more usually adopted; in this case a short, hardened mandril 
is screwed into one end of a long bar. This bar is screwed at 
the other end into a larger piece of steel known as the ‘ back 
sleeve,’ which is screwed and fitted with a nut at either end. 
This sleeve has an axial movement of about 0 inches in the 
back casting of the draw-bench. The nut at the back is used 
for the 2 )urpose of adjusting the position of the mandril in 
relation to the die. 

” The tube is threaded over the mandril and the ‘ tag ’ i.s 
passed through the die, which rests against the die jilate. 
Immediately th(^ ‘ tag ’ is gripped! by the ‘ dog ’ it commences 
to move, the mandril at the same time being drawn forward 
into position by means of a rope or chain. A reduction in 
gauge thickness and diameter, with an increase in length is 
the result, due to the walls of the tube being drawn down 
between the mandril and the die. 

“ The usual reduction by this method is about a gauge and a 
half per draw on low carbon steel. The oj)eration of cold draw¬ 
ing hardens the tube to quite a largo extent, and subsequent 
annealing is necessary. 


“ Annealiko. 

“ A properly annealed tube showing an ultimate tensile 
stress of about 30 tons per square inch should given about 38 • 
tons after undergoing the drawing operation. To properly 
prepare the tube for further cold drawing it is therefore neces¬ 
sary to anneal after every drawing operation, which means it 
has also to be pickled, washed, dried, and lubricated. A 
hollow bloom 1| inch diameter by 8 inches gauge would require 
nine or ten ‘ draws ’ to make it into a tube 1J inch by 22 inches 
gauge. The annealing is carried out in suitable muffles, usually 
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at a temperature of about 600° to 660° 0., until before the 
last ‘ draw,’ when a temperature of about 860° C. is advisable. 
In the case of light gauge tubes, this should be done by ‘ close 
annealing, as the scaling and blistering of a light tube by ‘ open 
annealing would be fatal. 

“ When a tube has been drawn to about inch diameter 
there is great difficulty experienced in drawing on a mandril. 
The usual practice is to finish | inch diameter tubes and 
smaller by reducing the diameter only. This is termed ‘ sink¬ 
ing.’ The condition of the tube finished in this way is not so 
good as when finished on a mandril, the strength of the tube 
being loss. From experiments made, tubes from 0-5 per cent, 
carbon, finished by ‘ sinking,’ show about the same tensile 
strength as tubes from 0-36 per cent, carbon finished with the 
usual ‘ draw ’ on the mandril.” 

Carbon Steel Tubes. 

The two most important carbon steels employed for tubing 
are the mild and medium carbon steels. 

Mild steel tubing contains from O-IO to 0-26 per cent, carbon, 
whilst the average medium carbon steel content varies from 
0-30 to 0-66 per cent. 

The usual sizes of tubing commonly employed range from 
about 3 inches diameter down to I inch or ^ inch, and the 
thicknesses for seamless tubings from about 10 S.W.G. (0-128 
inch) down to 24 or 26 S.W.G. (0-022 to 0-018 inch). Carbon 
steel tubing is widely employed in all branches of engineering 
work, and in aircraft work for built up and welded fittings, 
framework.s of control surfaces, and occasionally for gondola, 
fuselages and body frameworks; it has also been used for air¬ 
ship booms and outriggers, aeroplane loading and trailing 
edges, wing ribs, and similar objects. 


Strength Properties. 

The following are the average strength limits for mild steel 
tubing: 
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TABLE XCVI. 


Strength op Mild Steel Tubes. 


Material and Condition. 

Yidd Point. 

Tons per Square Inch. 

Tensile Strength. 
Tons per Square Inch. 

Mild steel tube (annealed) 

18 to 22 

30 to 36 

Mild steel tube (as drawn) 

24 to 30 ' 

1 

33 to 40 


The tensile strength of tubes of the same billet material is 
greater for the smaller diameter tubing.s, duo to the greater 
hardening effect due to rolling; the variation in strength be¬ 
tween a 2-inch and a |-inch tube may exceed 25 per cent., when 
reckoned upon that of the larger tube. 

The following results* of tension tests refer to steel tubing 
containing 0-35 per cent, of carbon and 0-65 per cent, of 
manganese. It will be observed that the average strength 
and elongation are less for the thinner tubing; in general when 
the tubing thickness is reduced below about one-twentieth of 
the external diameter, the strength is reduced in proportion 
to the thickness. 

TABJ.E XCVII. 

Tensile Strength op Carbon Steel Tubing. 


Diameter in 
Inches. 

Thickness of 
WaU. 
Inches. 

Yield Point. 

Tons per 
Square Inch. 

Tensile 

1 Strenqth. 
Tons per 
Square Inch. 

Klonqation 
per Cent, in 

8 Inches. 

M80 

0-031 

32-6 

38--0 

15-6 

1-180 

0-031 

36-8 

40-6 

15-8 

0-986 

0-01!) 

32-8 

43-4 

13-8 

0-986 

0-019 

31-0 

36-3 

13-4 

0-984 

0-019 

33-0 

36-7 

12-9 

0-986 

0-019 

31-4 

. 37-8 

15-5 


Crashing Test. 

It is now general to specify a crushing test for mild steel 
tubing—namely, that the specimen to be tested, of length 
* Columbia University Testing Laboratory. 
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equal to times the outside diameter, should withstand end¬ 
wise crushing until its length is decreased by from J to J of 
its original value, or until the outside diameter is itioreasod in 
one zone by 25 per cent., or until one complete fold is formed, 
without splitting or cracking. 






Fio. 178 .—The Ckusiiinj ok Steel and Ikon Tobinu. 

Fig. 178 shows the results of an endwise crushing test* made 
upon an electrolytic iron tube; it will be seen that this material, 
like good mild steel, will withstand considerable distortion 
without cracking. 

Straightness, Diameter and Wall Thickness Variations. 

Tubing is usually supplied in lengths of from 14 to 1(5 feet, 
and, apart from sagging effects duo to its weight, should bo 
specified to be straight to within 1 in 000. The difficulties of 
annealing and heat-treating long lengths of tubing which in the 

♦ Engineeriii/j. 
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ordinary way would necessitate subsequent rcstraightening 
have been satisfactorily overcome* by clamping the tube firmly 
in a vertical position between electric terminals. When a 
current is pa.ssod through the tube it is heated to the correct 
temperature for the material, and the tube is then automatic¬ 
ally released by the terminals, when it drops into a vertical 
cylinder containing the quenching liquid. This method, which 
can be applied to both carbon and alloy steels, does not necessi¬ 
tate rcstraightening. The permissible variation in the out¬ 
side diameter of seamless tubing is usually stipulated as being 
±0-003 inch for tubes under I J inches outside diameter, and 
±0-005 inch for those over 1^ inches. 

The wall thickness should not vary more than +8 per cent, 
or - 3 per cent. 

International Aircraft Standard Specifications. 

(A) Specifications fob Welded Steel Tubes. 

(jENERvl. —1. The gonor<al specifications IGl shall form, according to 
their ajipUcability, a part of these apeoifications. 

—2. Those tubes are suitable only for unstressed parts, such as 
conduit tubes. 

Material. —3. The T.A.S.lb standard steel, No. 1020, shall be used. 
Its composition is as follows 

Carbon .. .. . .. O’l.'j to 0-25 per cent. 

Manganc.so .. .. . .. 0*30 to 0’60 ,, 

IMiospliorus (m;ix.) . . .. 0*045 „ 

Sulphur (max.) .. . .. 0*0,50 „ 

Manufacture. —4. All tubes shall bo of the welded type. They must 
bo carefully annealed before the final pass. 

Any tube may bo rejected at any time because of injurious defects or 
faults in the steel which are revealed by manufacturing operations, not¬ 
withstanding the fact that it has previously passed inspection. Such rejected 
material shall be returned to the manufacturer at the latter’s expense. 
This clause shall not apply to materials fabricated after export. 

Workmanship and Finish.— 5. The tubes are to be smooth, of the 
section specified, and witliin the permissible tolerances as to wall thickness 
of uniform diameter, free from scale, dirt, specks, longitudinal seaming, 
lamination, grooving, and blistering, both internally and externally. 

Physical Properties and Tests.— 6. The tubes shall have the follow¬ 
ing physical properties 

Crushing Test. —One test specimen from every 100 feet (30*5 m.) of 
tubing is to be crushed endwise until the outside diameter is increased m 


1 . 


• Snead’s Process, 


27 
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one zone by 25 per cent., or until one complete fold is formed. The speci¬ 
men sliall .stand this treatment without cracking. 

Whenever possible the selection of test specimenH shall be made by heats. 

The specimens for the crushing tests shall have a length of 1*5 times the 
diameter of the t\ibc. 

Dimension.s and Toleuan('es. —7 (a). The following tolerances will be 
allowed on the outside diameter of tubes 

Tubes under 1'5 inches (38*1 mm.) diameter, + 0-005 inch (0-13 mm.). 

Tubes over 1-5 inches (38-1 mm.) diameter, + O-OlO inch (0*25 mm.). 

(b) The variation in wall thickno8.s may be + 10 per cent, of the dimension 
specified. 

{(•) In no part of any tube shall the departure from straightnes.s exceed 
1 in GOO. 

Deliveky, Packincs, and Shiiting.— 8. All tubes shall be well oiled and 
delivered in boxe^ not exceeding 220 pounds {100 kg.) gross weight. 

(B) Specifk’ation.s for Mild Oaubon-Steel Tubes. 

(Ieneral. —1. The general specifications U51 shall form, according to 
their ap])Iieability, a part of these specification.s. 

Use.— 2. Tiiese tubes are suitable for all ])aits not heavily stressed, such 
as trailing edges and elevators. 

Material. —3. The I.A.S.B. standard steel No. 1020 shall be used 
The composition is as follows. 

Carbon .. . .. .. 0-15 to 0-25 per cent. 

Manganese . . . . . . 0-30 to O-GO ,, 

Phosphorus (max.) .. . .. 0-045 ,, 

Sulphur (max.) .. .. .. 0-050 

MANUFACTUiiE.—4. Tho tubcs are to bo of the cold-drawn, seamless 
type and arc to be furnished annealed. 

Any tube may be rejected at any time because of injurious defects or 
faults in the steel which are revealed by manufacturing operations, not¬ 
withstanding the fact that it has previously passed inspection. Such 
rejected material shall be returned to the manufacturer at the latter’s 
expense. This clause shall not apply to materials fabricated after expoit. 

Workmanship and Finish. —5.- The tubes are to be smooth, of the 
section specified, and within the permissible tolerances as to wall thickne.ss 
of uniform diameter, free from scale, dirt, specks, longitudinal seaming, 
lamination, grooving, and blistering, both inU*rnalIy and externally. 

Physical Properties and Tests.—G. Tlie tubes shall have the follow¬ 
ing physical properties' 

Tensile Test.— (a) 

Minimum tensile strength, 60,000 pounds per square inch (42-18 
kg./mm.2). 

Minimum yield point, 36,000 pounds jicr square inch (25-31 kg./mm.^). 

Minimum elongation, 25 per cent, in 2 inches (50-8 mm.) or 10 per 
cent, in 8 inches (203*2 mm.). 
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CuusHiNO Test.—( 6) The test specimen shall be crushed endwise until 
the outside diameter is increased in one zone by 25 per cent., or until one 
complete fold is formed. The specimen shall stand thi.s treatment without 
cracking. 

Selection op Test Specimens. —7. One test specimen for the tensile 
test shall be chosen from every 400 feet (121‘9 m.) of tubing and one test 
specimen for the crushing test from every 100 feet (30’5 m.) of tubing. 

The specimens for the crushing tests sliall have a length of 1*5 times the 
diameter of the tube. 

Whenever possible the selection of test specimens shall be made by heats. 

Bimension.s and Tolerances.— 8. {a) The following tolerances will 

be allowed on the outside diameter of tubes 

Tubes under 1*5 inches (38*1 mm.) diameter, + 0*003 inch (0*08 mm.) * 
Tubes over 1*5 inches (38‘1 mm.) diameter, + 0*005 inch (0*13 mm.). 

The manufacturer and purchaser shall agree upon tolerances for coulis- 
sant or tele.scoping tubes. 

(/>) The variation in wall thickness may be + 10 per cent, of the dimen¬ 
sions spociiicd. 

((■) In no part of any tube shall the departure from struightnc.ss exceed 
I in 600. 

Deliverv, Packing, and Shipping. —!). All tubes .shall be well oiled 
and delivered in boxes not exceeding 220 pounds (100 kg.) gross weight. 


Alloy Steel Tubes. 

Apart from the use of high carbon .steel, it is now common 
to employ alloy steels such as low nickel (3 to 5 per cent.) and 
nickel-chrome steels. 

These steels require greater care in their manufacture and 
subsequent heat treatment; the tubes are produced by the 
“ plug ” drawing process, but the mandrils and dies wear out 
much more rapidly than in the case of carbon steels. Very 
careful annealing is also necessary. The amount of reduction 
in the gauge, or thickness, is only about one-half of that obtain¬ 
able in the case of mild steel. Nickel steel containing about , 
3J per cent, of nickel is much used in America for tubing 
In Table XCVIII. the results given are typical of the proper¬ 
ties of nickel steel tubes of different thicknesses. 

Wall Thickness and Strength. 

The results of these tests show that thin-walled tubes do not 
develop the maximum strength values of the material, when 
the wall thickness is less than 5 per cent, of the wall diameter. 
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TABLE XCVIII. 

Pkopekties of per Cent. Nickel Steel Tubes. 
(A) Tkansveuse Bending and Tensile Te.st.s. 



Transver.se Bendimj. 

Tension. 

Specutitn 

No. 

Fihie Stress at 

Maximum Fibre. 

Fibre, Stress at 

Maximum Fibre 

Blastu', Limit. 

Stress. 

Elastic Limit. 

Stress. 


Tons per Square 

Tons per Square. 

Tons per Square 

Tons per Square 


Inch. 

Inch. ! 

1 

Inch. 

Inch. 

} 

20*6 

30-5 

25-7 

! 37-2 

2 

3l)*H 

5<v<) 

30*5 

4()-0 


3S-3 

57*2 

3()-() 

44'!) 

4 

34-8 

50*8 

34-2 

52-1 

5 A 

42-1 

! 02-3 

33-8 

52*4 


(B) TNiksion Test. 


Specimen 

No. 

Tube 

Diameter. 

Inches. 

Thickness 
of Walls. 
Inches. 

, Fibre Stress 
at 

Ela.'itic Limit. 

Tons per 
Square Inch. 

Maximum 
Fibre Stress. 

Tons per 
Square inch. 

Modul us 
of Riqidity. 

Tons per 
Square. Inch. 

1 

MHO 

0-022 


i7-:i 

4420 

2 

1-180 

0-040 

17-5 


5180 

3 

MS2 

0-001 

18-3 

27-3 

5230 

4 

1184 

0-076 

22-2 

33-0 

4010 

5a 

MH5 

0-000 

19-4 

33-8 j 

5310 • 


Thin-wallecl tubes, which stiouhl from purely theoretical con¬ 
siderations give the maximum strength for weight, are not 
practically fea.sible, owing to the preceding effects, and to the 
fact that they are liable to local deformation or buckling, 
and that the relative effect of corrosion or rusting is much 
greater. 

Thin-walled struts * and beams invariably fail by local 
buckling or secondary flexure, at a lower value of the break¬ 
ing stress than for the solid material or for thicker tubes. 

Nickel-Chrome Steel Tubes. 

The manufacturing difficulties are much greater in the case 
of these tubes, and the annealing and heat treatment require 
special care. 


* AJeo vide p. 59. 
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Nickel-chrome steel tubes are employed in aircraft work 
for undercarriage axles and struts, rudder posts, and similar 
parts. 

The following is a typical analysis* of a nickel-chrome steel 
tube. 


Carbon 

.. 0'30 per cent. 

Silicon 

. 0-lG 

Sulphur 

.U-U3 

Phosphorus 

.0'03 

Manganese 

. . 0*45 

Nickel 

.. MO 

Ghroinmin 

. . 4'()t) 


The tensile str(!ngth of this material in the annealed state 
is about 45 tons per square inch, with about 15 per cent, 
elongation in 2 inches; in the air-hardened state the elastic 
limit is about 70 tons per square inch, and the tensile strength 
from 90 to 100 tons per square inch, with from 8 to 5 per cent, 
elongation in 2 inches. It is stated that it is inadvisable to 
use sulijhurie or muriatic acids for cleaning the scale off 
hardened tubes, as it makes the material brittle. 

Crushing Test. 

It is usual to specify a crushing test upon annealed high 
tensile tubing, namely, that a section of the tubing of length 
equal to 1| times the outside diameter shall withstand crush¬ 
ing endwise until its length is one-half of the initial longtli, 
without exhibiting cracks or splits on the outside surface. 

Tolerances. 

High tensile steel tubes should be straight to within 1 jiart 
in 600. 

It is usual to specify the; outside! diameter limits to be 
within ±0-005 inch, whilst the thiekne.ss should not be greater 
than the nominal value by more than 10 per cent., or bi-low 
by less than 5 per cent. 

International Aircraft Standard Specifications. 

Specification for Alloy Steel Tubes. 

General.— 1.’ The general specificationB IGl shall form, according to 
their applicability, a part of these specUicationa. 

* Messrs. Accles and Pollock, Oldbury. 
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Use.— 2. These tubes are suitable for axles and parts subject to shock. 

Material. —3. The material for these tubes shall be chosen from the 
I.A.S.B. standard steels li.sted below. The composition chosen shall be 
stated by the manufacturer and is further limited as follows- Carbon, not 
over 0*35 per cent. 

Manufacture.— 4. (a) The tubes are to be of the cold-drawn, seamless 

type. To avoid overhardening after annealing the tube wall shall not be 
reduced more than 20 per cent, in thickness in the final passes. 

Heat Treatment. — (h) The tubes shall bo heat-treated to temper 
1 or 2 as ordered. The quenching is to be done in oil. 

(c) Any tube may be rejected at any time because of injurious defects 
or faults in the steel which are revealed by manufacturing operations, not¬ 
withstanding the fact that it has previously passed inspection. Such 
rejected material shall bo returned to the manufacturer at the latter’s 
expense. This clause shall not apply to materials fabricated after ex]iort. 

Workmanship and Finish. —5. The tubes are to be smooth, of the 
section specified, and within the permissible tolerances as to wall thickness 
of uniform diameter, free from scale, dirt, specks, longitudinal seaming, 
lamination, grooving, and blistering, both internally and externally. 

Physical Properties and Tests.— b. 1'hc tubes shall have the follow¬ 
ing physical properties. 

Ten.silb Test.—( a). 

Temper I. 

Minimum tensile strength, 110,000 pounds per square inch (77‘33 
kg./mm.2). 

Minimum yield point, 90,000 pounds per square inoli (03-27 kg./mm.*). 

Minimum elongation, 15 per cent, in 2 inches (50-8 mm.) or 5 per cent, 
in 8 inches (203-2 mm.). 


Temper II. 

Minimum ultimate strength, 85,000 pounds per square inch (59-70 
kg./mm.'^). 

Minimum yield point, 00,000 pounds per square inch (42-18 kg./mm.-). 

Minimum elongation; 25 per cent, in 2 inches (50-8 mm.) or 10 per cent, 
in 8 inches (203-2 mm.). 

Crushing Test. —(6) The test specimen shall be crushed endwise until 
the outside diameter is increased in one zone by 25 per cent., or until one 
complete fold is formed. The specimen must stand this treatment without 
cracking. 

Selection op Test Specimens.— 7. One test specimen for the tensile 
test shall be chosen from every 400 feet (121-9 m.) of tubing and one test 
specimen for the crushing test from every 100 feet (30-5 m.) of tubing. 

The specimens for the crushing tests shall have a length of 1-5 times the 
diameter of the tube. 

Whenever possible the selection of test specimens shall be made by heats. 

Dimensions and Tolerances.— 8 . (a) The following tolerances will 

be allowed on the outside diameter of tubes: 
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Tubes under 1*5 inches (38*1 mm.) diameter, + 0*003 inch (0*08 mm.). 

Tubes over 1*5 inches (38*1 mm.) diameter, + 0*005 inch (0*13 mm.). 

The manufacturer and purchaser shall agree upon tolerances for coulis- 
sant or telescoping tubes. 

{h) The variation in wall thickness may be + 10 per cent, of the dimen* 
sions specified, 

(c) In no part of any tube shall the departure from straightness exceed 
1 in 600. 

Delivery, Packing, and Shiffing. —9. All tubes shall bo well oiled 
and delivered m boxes not exceeding 220 pounds (100 kg.) gross weight. 

When electric or crucible furnace steel is specified in the order, the 
maximum allowable ])ercentages of phosphorus and sulphur may, at the 
option of the purchaser, be limited to 0*03 per cent. 


TABLE XCIX. 

Chemical Composition of Standard Alloy Steels. 
Nickel vSteels. 


No. 

Carbon. ^Manijaiiefte. 

1 

Ph0N‘ 

'phorvfi 

(/nax.). 

Sulphur 

{max.). 

NicH. 

Chromium. 

1 

232U 

O-mto 0-25^0-30 to 0-60 

0*040 

0-045 

3*25 to 3*75 


2325 

0-20 to 0-;i0 0-.5() to 0-80 

0-040 

0*045 

3-25 to 3-75 

— 

2330 

0*25 to0*35'0*50 to 0*80 
1 

()*()40 , 

0-045 

3*25 to 3*75 

' ’ 


Chromium-Vanadium Steel-s. 


1 

No. \ 

Carbon. | 


Phm- 

phoruri 

{max.). 

Sulphur 

{max.). 

Chromium\ 

V a naditwi 
{min.). 

0120 

0-15 to 0*25 

0-30 to 0-00 

0*040 

0*045 

0*60 to 0*00 

0*15 

6130 

0-25 to 0-35 

0-50 to 0-80 

j 0-040 

0*045 

0*80 to MO 

0-15 


■ Facts Concerning the Strength o! Steel Tubing. 

The properties of steel tubing under alternating stress con-- 
ditions can bo investigated by moans of a machine resembling 
the Wohler typo,* whilst for shook tests the falling weight 
impact type of machine is convenient. 

The results of a series of testsf made upon steel tubing 
and tube sockets and liners may be briefly enumerated as 
follows: 

• Soo Fig. 104-, p. 212. ' t Footnote, p. 411. 
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1 , The effect of drilling a iictot 

alternately undrilled tube is stated to 

Biderably weaken the tube t 

have fro. 10 to 20 t..es “ reinforced 

Hard tnbin,. affected to a. ueh 

„,ore marked extent than annealed tubing^^ 

2. Lugs intended | whether of the sleeve 

brackets, fittings, or other me , as 

or liner type, should be tapered off towards 



jyv, 





Inside 

i 

l/ner 
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distance of 12-75 inches from the grips, which was equivalent 
to a stress of about 25 tons per square inch. 

Tapering in thickness, as distinct from tapering in diameter, 
has been shown to bo both economical and beneficial. An 
instance of this is in the case of motor-cycle front-forks, 
which, when made from 19 S.W.G. tubing, invariably broke 
off where they were brazed to the crown. Increasing the 
thickness to 18 and 17 S.W.G. respectively, failed to prevent 
these breakages. When, however, tubes tapering from 
10 S.W.G. at the crown to 22 S.W.G. at the bottom ends 
were employed, the trouble was completely overcome; the 
increased resilience no doubt accounted for this effect. 

4. Tubular liners should preferably be soft soldered in 
place, and should not be of too great a thickness compared 
with that of the tube that they are intended to reinforce. 
Liners tapering down to a minimum thickness at their outer 
ends are more satisfactory than parallel liners. Tapered 
sleeves are equally satisfactory; in both cases the outer end 
thickness should be less than that of the tube itself. Sleeves 
or liners which are merely pressed into position are not satis¬ 
factory; soldering or brazing should be resorted to in every 
case. Tests made u|)on similar 1 inch by 20 S.W.G. tubes— 
(a) drilled, but without a sleeve; (6) drilled, but with a sleeve 
pressed on; and (c) drilled, but with a similar sleeve soldered 
on, the sleeves in each case being 21 inches long by 18 S.W.G., 
and placed over the holes—gave the following results: 

{a} JMain Udlled tube .. .. .‘1084 revolutions bofuro fracture. 

(6) bulled tube, with prcs.sed sleeve ll.’lZO ,, 

(c) Pulled tube, with .soldered .sleeve 48,087 ,, ,, 

5. Where sockets are employed, the tube should be either, 
brazed or pinned and soldered.* The results of tests upon 
soldered joints show that there should bo about 0-005 inch 
clearance between the tube and socket diameters, as a maxi¬ 
mum value, and that smaller clearances give as good results. 
The shearing stress of a good soldered joint may be taken 
as being about 2i tons per superficiai inch. With a soldered 

* Soft and silver-soldered tubular joints are much used in aircraft work. 
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socket joint it is an easy matter to make the tensile strength 
of the joint at least equal to that of the tube. 

6. For tubular members under stress soft soldering is 
recommended in preference to brazing or welding, as the 
temperatures of the process are low enough not to affect the 
hardness of the metal, especially in the case of alloy and hard 
drawn steel tubes. 

Hard soldering, or silver soldering, gives a stronger joint, 
and the temperature of the ojieration is lower than for brazing, 
but much higher than for soft soldoring. Brazing is not re¬ 
commended for tubular structures which have to take stresses, 
or for medium thicknesses of tubes. It is, however, applicable 
to tubes of appreciable wall-thickness which have to take 
torsional .stresses througli the joint. Cardan shafts arc often 
built up of a long tube, with.the universal joint pin sockets 
brazed in each end, and to the author’s knowledge have given 
every satisfaction. Brazing, however, is not recommended 
for aircraft work, generally speaking. 

Welding is oven less to bo recommended for any members 
upon automobiles or aircraft in which stresses are trans¬ 
mitted through the joints; welded tubular work is employed 
to some extent in the case of strut sockets in which the function 
of the weld is merely to hold the tubular position in situ, 
and only to take light stresses. All welded work, which in 
aircraft practice is of a “ locative ” nature, should be annealed 
subsequent to welding. 

Fig. 180 shows in section a tubular bicycle-frame made by 
Messrs. Accles and Pollock; the various lugs, tapered tubes, 
and fittings shown serve to illustrate the points previously 
mentioned. 

Section Tubing. 

Most of the foregoing remarks have been confined to cir¬ 
cular tubing, but by far the greater quantity of tubing em¬ 
ployed in aircraft work is of the sectional form. 

Section tubing is made from seamless circular tubing by 
three different processes, namely, by drawing, rolling, and 
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pressing; when made by the latter process, only short lengths 
can be dealt with. In the drawing process there is a slight 
reduction in the periphery from the round to the sectional 
shape, but in the rolling or pressing processes it remains 
unaltered. 



Fio. 181.—Section TuniNO used in Airciiaft Construction. 


The section of tubing, made from round tubing, should 
be so designed that there is no straight portion or sides any¬ 
where, that is to say, the whole contour should be everywhere 
curved; this reduces the difficulty of manufacture. Section 
tubing, especially of the “ streamline ” form, is often made 
from flat strips, bent over a former, and seam-welded at 
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the junction of the edges, as shown in Fig. 182. This 
diagram* also shows some typical sections and reinforced 
tube.s employed in aircraft and automobile work. 

The diagrams shown in Fig. 181 refer to aircraft section 
tubing, the streamline shapes shown in sections 125, 210, and 




202 being suitable for exposed members under strut action. 

Sections 121, 238, and 239 are suitable for the leading and 
trailing edges of wings and control surfaces. 

The standard aircraft sections adopted for many purposes 
in this country are similar to that shown in section 1005, and 
the principal sizes and dimensions employed are given in 
the following table: 


* Messrs. Aocles and Pollock’s sections. 
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TABLE C. 

Dimensions of Airciiaft Elliptic Tubbs. 


Section No. ; 

1 

1001 

1002 

1003 1004 

1005 1006 

1 

1007 

1 

1008 : 

1009 

i 

1010 

Dimensions A 

0-500 

0-625 

0-750! 1*000 

1-250! LSOO, 

1-750 

2-000 

2-250 

2-500 

Dimensions B 
Equivalent 
Circular 

0-245 

0-250 

0-300 0-400 

i 

0-500 0*600 

! 

! 1 

0-700 

0-800 

0-900! 

' 1 

1-000 

Diameter 



A 1 

iJ i H 

1A 

1.U 

i.ii j 

4 


Note. —All dimensions arc given in inches. 



\A/ei.o 



Fio. 182.—lluiLT-un Skction Tubiw; 


A series of telescopic sections is also employed for use as 
liners and sockets with most of the above sizes of tubes. 


Hollow Bars. 

Bars of any section can now be made having a circular 
hole of any diameter right through; the expense and difficulties 
in the way of drilling long lengths of bar or rod are thus 
avoided. 

It is now possible to produce a |-inch diameter bar with a 
J-inch hole through it in lengths up to 15 feet. 



TABLE CT. 
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The process* consists in taking a bloom, or billet, of a length 
varying from 12 to 20 inches, and drilling through it a hole 
of such a size that it will subsequently roll down to the re¬ 
quired size. The hole is then tightly packed with a material 
of special composition, and the ends of the hole are plugged. 
The billet is then heated and rolled in a rolling mill until the 
external dimensions of the desired amount are obtained. 

' In order to remove the core, or packing material, hydraulic 
pressure is applied when the plugs are removed. The 
process may be employed for most kinds of steel and for any 
bar section, such as square, hexagonal (for making nuts), or 
octagonal, and the location or centrality of the hole is suffi¬ 
ciently accurate for most purposes. 

Flexible Metallic Tubing, 

Metallic tubing, which is gas, oil, and petrol tight, can be 
made in iron, steel, copper, brass, and other metals in such 
a manner that it is as flexible as an india-rubber hose-pipe 
of the same size. 

The advantages of this tubing over rubber tubing are that 
it can be made over so much stronger, it wilt withstand the 
action of oil, gas, and other influences, and is more permanent. 

It can be produced in diameters up to 8 inches, and will 
withstand steam pressures up to 300 pounds per square inch 
• satisfactorily, and gas or hydraulic pressures up to 3000 pounds 
per square inch.f 

This tubing, which is empioyed for petrol and gas engine 
exhaust pipes, and upon motor cars and cycles, aircraft engines, 
etc., successfully withstands the corrosive action, heat, and 
pressures of the exhaust gases. 

Manufacture. 

The tubing is made up of a series of interlocked spiral 
ribbons of metal, which are in their turn made from thin strips 
of the metal. Each strip is passed through a graduated set 

• Messrs. Dunford and Elliott, Sheffield. 

■f Pressures up to 6000 pounds per square inch have been used for .teat 
purposes. 
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of rolls, having the desired profile to be imparted to the strip; 
these profiles vary according to the purpose of the tubing. 

The type of flexible tubing* illustrated in Fig. 183, and which 
is widely employed for internal pressure purposes, is made up of 
a series of sj)iral ribbons each having the double-hook form of 
section shown; the consecutive ribbons are wound upon each 
other, in turn, on a mandril, so that each one grips the preceding 
one. The circular cavity, wliich is provided at the flat extremity 

A 


B 


Fio. 183 .—Section of Fi.b.xibi.e Tubinu. 

of the interior hook, is filled either with rubber or asbestos, 
which is wound on, along with the corrugated metal ribbon, 
in the form of a thread or string. 

The degree of flexibility of the finished tubing depends 
mainly on the amount of play possible between each succes¬ 
sive strand, and as there is a limit to this amount, the succes¬ 
sive metal strips become rigid after a certain degree of bending; 
in this manner the buckling or kinking which occurs with 
solid tubes is avoided. 

The diameter of the smallest circle into which a flexible 
metallic tube can be bent is about 16 times the diameter of 

* Manufactured by tlio United Flexible Metallic Tubing Co., London. 

I. 28 
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the tube itself for pipes of from | to 2 inches diameter, and 
about 10 times for 10-inch pipes. 

The material employed for the strongest metallic tubings 
is galvanized, nickeled, or metal-coated Swedish iron or low 
carbon steel. 

For water and gas joints rubber packing between the metal 
strips is usually employed, except in the case of copper 
tubing, in which the rubber is speedily attacked. 

For oil, petrol, steam, and exhaust gases it is usual to 
employ asbestos packing. 


fO M 




Fio. 184.—Low Pressure Flexible Turing Connexions. 


Method of Making Joints and Connexions. 

For ordinary low-pressure gases, such as domestic illumina¬ 
ting gas, connexions between tubes or fittings can bo made by 
means of a simple moulded rubber tube, which slips over the 
parts to be joined. 

A more permanent metal joint for gas is shown in Fig. 184, 
and simply consists of male and female milled screws, which 
can be pushed over the flexible tubing, with packing in between, 
and screwed up by hand. 

A large variety of designs of connexions are employed for 
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flexible metallic tubing, including complicated screwed gun- 
metal high-pressure flanged couplings, ordinary hexagonal 
unions, hose-pipe connexions, etc. 

In cases where high pressures occur, a special nut is pro¬ 
vided for anchoring one of the connexion members, which 



screws directly on to tlie flexil)le tubing itself, as shown in 
Fig. 185. 

For low gas pressure work coned fittings are employed with 
white-lead and asbestos packing; 

Applications. 

In aeronautical work flexible metallic tubing of the zinc, 
coated iron or steel class is employed for oil pipes, from the oil 
lank to the engine, for exhaust j)ipcs,*and for speaking-tubes 
for it has been found that the spiral grooves inside the tubing 
are not detrimental to the travel of sound waves. It has also 
been employed for air-ducts to carburettors, etc. 

Incidentally it may be mentioned that flexible metallic ' 
tubing is employed for petroleum pipe lines, steam connexions 
between railway carriages, for hot climatic conditions where 
rubber would rapidly perish, for salvage pumps, compressed 
air lines for pneumatic tools and rock drills, fire-engine pumps, 
and in numerous other instances. 

* The expense and difficulties of complex bends in solid tubing are thus 
avoided. 
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steel and Iron Wire. 

Wire is made by the repeated process of drawing a rod of 
the material through a series of hard steel dies; for example, 
a steel rod of J-inch diameter (or about 3S.W.G.) can be drawn 
through tungsten steel dies so that it is reduced by about one 
gauge (S.W.G.) number at each draw, until its final diameter 
is about 0 040 inch (or 10 S.W.G.)- 

Hardening due to Drawing. 

During the process of drawing the material becomes pro¬ 
gressively harder and less ductile; for example, the tensile 
strength of a certain steel wire of 0-126 inch (about 10 S.W.G.) 
was found to be 88 tons per square inch with 2 per cent, ex¬ 
tension, whilst that of the same material wire of 0 040 inch 
(19 S.W.G.) was 125 tons per square inch with only 0-3 per 
cent, extension. 

The torsional strengths of the two w-ires w-ere such that the 
thicker wire required 13-3 complete twists to break it, for a 
length of 6 inches, whilst the thinner wire required 35-6 twists 
in the same length. 

Fig. 186 shows how- the tensile strength of plough steel 
aircraft wire varies with the amount of drawing—that is, 
with the gauge or diameter of wire. 

The same diagram also shows the number of complete twists 
required to break wires of different diameters, and the number 
of bends,* through angles of 90^, which the wires will withstand 
before fracturing. 

Microscopical examination^ of the internal structure of 
drawn steel wire has shown that it is desirable to obtain both 
pearlite and sorbite, and that the more sorbite present the 
tougher and stronger will be the wire; in attempting to obtain 
the maximum of sorbite there is, however, a risk of obtaining 
martensite and troosite, which tend to cause the wire to fracture 
during the drawing process. 

• J'or particulars of wire bending tests, see p. 441. 

t Vide p. 147, “The Microscopic Examination of Metals,” F. Osmond 
and J. E. Stead. , 
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Too rapid chilling after leaving the patenting furnace will 
promote the formation of sorbite and martensite; another 
cause of the presence of the latter constituents is that due to 
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the frictional heat, during service or drawing, which causes 
the surface layers to be molnentarily heated to redness, usually 
followed by a chilling effect, which leaves the surface layers 


OlArrt£T£« QF rtlRi 


438 AIRCRAFT AND AUTOMOBILE MATERIALS 

in the martensitic condition, and causes the wire to break when 
bent. 

The failure of wire ropc.s is often due to this cause. 

Another source of failure is that due to the use of badly 
designed pulleys, in which the surface of the crown wires spreads 
out, with the result that the surface layers become brittle and 
fracture; this fracture travels progressively through the other 
wires. 

Many other interesting features connected with the structure 
of wires can be detected with the aid of the microscope. 


Piano or Music Wire. 

This wire is u.sually made from a medium carbon steel in 
sizes varying from about 1C S.W.G. (0-064 inch) up to about 
28 S.W.G. (0-0148 inch). 

The following is a typical analysis of the steel used; 


Carbon 

Silicon 

Sulphur 

J^liosplionis 

Manganese 


0*G0 j)cr cent. 
0-00 
(>•02 
0'()2 
0-43 


The tensile strength of this wire varies frcjm 100 to 160 tons 
per square inch for the above-mentioned .size.s. 


Plough Steel Wire. 

Wire made from a crucible cast steel of high quality usually 
goes by the name of “ plough stool ” wire; this wir(;, which is 
made in all gauges from about 10 S.W.G. (0-128 inch) up to 
28 S.W.G. (0-0148 inch) is used for aircraft bracing wires, for 
flexible and stranded wire cables, and similar purposes. 

The following is a typical analysis of plough steel wire: 


Carbon 

Manganese 

Silicon 

Sulphur 

Phosphorus 

Copi>er 


0-85 per cent. 
0*60 
O-U 
0-01 
nil 

0’03 per cent. 


The tensile strength of this wire varies from about 90 to 160 
tons pef square inch. 
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It is usually made in different qualities, or grades, according 
to the purpose for which it is required. 

The following table shows a typical method of grading 
plough steel wire: 

TABLE CII. 

OR.4DES OF PlOXIGH STEKL VVlRR. 


Onide. 

Teimle Strength, 

Tom per Square Inch. 

1 

Averaqe, Elongation 
per Cent. 

A 

140 to 100 

* 0-4 

li 

130 to 140 

1-2 

(! 

120 to 130 

2-0 

1) 

110 to 120 

2*8 

E 

100 to no 

3*6 

E 

no to 100 

4*4 

G 

80 to 90 

.')-2 


'Ihe grades most used in aircraft work arc D and E. It 
is usual to galvanize or electro-plate with nickel these wires. 
Table (Jill, gives the strength and weight of plough steel 
wires, as used in aeroplanes, and for rigid airship bracing 
work. The strengths are given for (a) a eemstant tensile 
strength of 100 tons per square inch, and (6) tensile strengths 
varying from 80 tons per square inch for 8 S.VV.G. wire up to 
140 tons per square; inch for 30 S.VV.G. wire; the latter values 
are approximately those obtained in wire drawing. 

Fine Wires. 

Wires of small diameter of carbon or alloy steel of from 
0 040 down to 0-002 inch diameter are made by drawing 
through bort diamond dies, whilst copper wires are usually 
drawn through chilled cast iron dies in steps of about 1 S.W.O. 
at a time. 

Alloy Steel Wires. 

Alloy steels can bo used for wire-drawing, but are not em¬ 
ployed to any great extent, as thb same results can usually 
be obtained with carbon steel wires. 

Non-corrodible steel wire containing from 25 to 30 per cent, 
of nickel, and from 0-30 to 0-46 per cent, of carbon, is used for 
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TABLE cm. 

Sizes, Weights, and Strengths of Plough Steel 

WiBB. 



, Diameter. 

1 

t 

[Sectional 
A rea 
Square i 
Inch. 

j Weight in 
Pounds. 

\ 

Breaking Load in 
Pounds. 

s. w.a.\ 

Inches. 

MM. 

100 

Yards. 

1 

1 

Mile. 

At 100 ! 
Tons pel 
Square 
Inch. 

At 2^ons 

per 

Square 

Inch. 

lbs. 

1 

7/0 i 

0-500 

12-7 

0-1903 

1 

193-4 i 

3404 

43,975 



0/0 

0*4()4 

11-8 

0-1691 

166-5 

i 2930 

37,854 

— 

_ 

5/0 

0-432 

11-0 

0-1466 

144-4 

1 2541 

32,820 

— 

' _ 

4/0 

0-400 

10-2 

0-1257 

123-8 

1 2179 

28,144 

— 

_ 

3/0 

0-372 

9-4 

0-1087 

107*1 

! 1885 

24,350 

— 

_ 

2/0 

0-348 

8-8 

0-0951 

93-7 

1 1649 

21,300 

— 

_ 

0 

0-324 

8-2 

0-0824 

81-2 ■ 

' 1429 

18,404 

— 


1 

0-300 

7-6 

'0-0707 

69-6 

i 1225 

15,830 

— 

— 

^ i 

0-276 

7-0 

■ 0-0598 

58-9 

i 1037 

13,400 

— 

— 

3 1 

0-252 

6-4 : 

0-0499 

49-1 

‘ 864 

11,170 

— 

— 

4 i 

0-232 

5-9 

■ 0-0423 

41-6 

, 732 

9470 

60 

5680 

5 

0-212 

5-4 

0-0353 

34-8 

1 012 : 

7900 

' 65 

' 5140 

6 

0-192 

4-9 , 

0-0290 

28-5 

502 , 

6490 

' 70 

i 4550 

7 

0-176 

4-5 1 

0-0243 

24-0 

! 422 ' 

5450 

• 75 

1 4180 

8 

0-160 

4-1 

0-0201 

19-8 

348 

4500 

80 

i 3600 

9 

0-144 

3-7 

! 0-0163 

1(5-0 

282 

3650 

85 

1 3100 

10 

: 0-128 

3-3 

(►-0129 

12-7 

223 

2880 

90 

1 2590 

12 

1 0-104 

2-6 

0-0085 

8-4 

148 

1900 ' 

95 

' 1800 

14 

' 0-080 

2-0 

0-0050 

5-0 

88 

1130 ! 

100 ; 

1 1130 

16 

0-OC4 

l-f) 

0-0032 

3-2 

56 

720 1 

105 : 

; 756 

18 

0-048 

1-2 

0-0018 

1-8 

32 

406 : 

110 : 

446 

20 

0-036 

0-9 

0-0010 

1-0 

18 

228 ; 

115 : 

262 

22 

0-028 

0-7 

0-000615 

0-610 

10-7 

: 138 i 

120 1 

166 

24 

0-022 

0-56 

0-000380 

0-375 

6-6 

i 85-5 

125 

107 

2() 1 

0-018 

0-46 

: 0-000250 

0.250 

4-4 

57-0 

130 ; 

74 

28 

0-0148 

0-37 

10-000172 

' 0-168 

3-0 

38-6 

135 1 

52 

30 

0-0124 

0-31 

1 

I0-(X)0121 

1 0-119 

1 

2-1 

27-2 

140 

38 


hawsore, cables, and netting for sea-water use. The tensile 
strength of 12 S.W.G. (aboutinch) nickel-steel wire is about 
00 tons per square inch, with an elongation of (i per cent, in 
2 inches, and an area contraction of 16 per cent. 


International Aircraft Standard Specifications. 

1. ROUND HKiH STRENOTH STEEL WIRE. 

This specification covers solid high strength steel wire, round section, 
used in the consotruction of aircraft when flexibility is of minor importance. 

WoRK.MAysHip AXD FiNiSH.—The wire shall be cylindrical and .smooth 
and may show no evidence of scrapes, splints, cold shuts, rough tinning, or 
other defects not in accordance with best commercial practice. 
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Physical Properties and Tests— Test .—Samples for the tensile 
test shall be not less than 15 inches long and free from bends and kinks. 
In making tensile tests on aircraft wire, the distance between jaws of testing 
machine, with the sample in place and before test, shall be 10 inches. The 
wire must not break at less than the amount specified in the attached table, 
which is a part of this specification. 

Torsion Test —Samples for the torsion test shall be straight, and not less 
than 10 inches long. The sample shall be gripped by two vices 8 inches apart; 
one vice shall be turned uniformly at a sjiced not exceeding 60 revolutions 
per minute (on the larger sizes of wire this speed shall be reduced sufficiently 
to avoid undue heating of the wire). One vice sliall have free axial move¬ 
ment in either direction. All wire shall be required to withstand the mini¬ 



mum number of complete turns .shown in the attached table, and which arc 
calculated from the relation Number of turns to be agreed upon between 
purchaser and manufacturer. 

Bend Test .—Samples for bend test shall be straight and not less than 
10 inches long. One end of the sample shall be clamped between jaws* 
having their upper edges rounded with 3 /lO (0* 188) inch radius. The f ree end 
of the wire shall bo held loosely between guides and bent 90 degrees over one 
jaw; this is to bo counted as one bend. On raising to a vertical position the 
count will be two bends. Wire shall then be bent to the other side, and 
so forth, alternating to fracture. The minimum number of bends required 
is stated in the attached table. 

W ra'pping TeH. —A wrapping test is to bo made on at least 10 percent, of the 
total number of coils offered for inspection at one time. The wire is wrapped 

* Vide Fig. 18Ca. 
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around its own diameter eight consecutive turns with a pitch substantially 
equal to the diameter of the wire and then unwrapped, maintaining the free 
end at approximately 90 degrees with the mandril. It must stand this test 
without fracture. Because of the possibility of personal error in making 
this test, failure on one test is not considered conclusive, and if required 
to do so the inspector shall make at least one, but no more than two, addi¬ 
tional tests on the sample of wire. If any of these tests are successful, the 
material shall bo passed as satisfactory in this respect. 

Selection of Test Specimen. —A tensile, a torsion and a bend test shall 
be made on each end of each piece or coil of wire. When an individual coil of 
wire is to be divided into smaller coils to meet special requirements, it is 
sufficient to make one test on the original coil and to cut and seal the small 
coils in the presence of the inspector. 

Dimensions and Tolerance. —All wire for this purpose shall bo furnished 
in decimal sizes corresponding to the American Wire Gauge (Brown and 
Sharpe gauge). 

A permis-siblc variation of 0*002 inch above gauge on all sizes will be 
accepted, but no wire will be accepted having a variation of more than 
0*0005 inch below gauge. 


Table for Round Hioh Strength Steel Wire. 


American 

Wire 

Gauge. 

Diameter 

inlnchtfi. 

Weight 
in Poundn 
per loo Feet. 

Number 
of Benda 
through 

90 Degrees. 

Breaking 

1 Strength i 
■ Minimum 
Pounds. 

Tensile 
j Strength 
! in Pounds 
per Square 
Inch. 

0 

0*162 

7-01 

5 

4,500 

219,000 

7 

0*144 

5*56 

6 

3,700 

229,000 

8 

0-129 

4*40 

8 

3,000 

233,000 

9 

0*114 

3*50 

9 

2,000 

244,000 

10 

0-102 

2-77 

. 11 

2,000 

244,000 

11 

0*001 

2*20 

14 

1,620 

254,000 

12 

0-081 

1*744 

17 

1,300 

522,000 

13 

0*072 

1-383 

21 

1,040 

255,000 

14 

0-064 

1*007 

25 

830 

258,300 

ir> 

0*057 

0*870 

20 

660 

259,000 

16 

o-or.i 

0-690 

34 

540 

204,000 

17 

0*045 

0*547 

42 

425 

267,000 

18 

0-040 

0-434 

52 

340 

270,000 

19 

0*036 

0*344 

70 

280 

275,000 

20 

0-032 

0-273 

86 

225 

280,000 

21 

0-028 

0*216 

105 

175 

284,000 


2. SPECIFICATIONS FOR HIGH STRENGTH STEEL WIRE. 

General.—1. The general specifications, IGl, shall form, according to 
their applicability, a part of these specitications. 

Material. —2. The wire shall be manufactured of either I.A.S.B. stan¬ 
dard steel No. 1065, No. 1070, or No. 1080, the compositions of which are 
listed below. 
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Manufactuhe. —3. The steel used shall be manufactured by the acid 
open-hearth process. Every reasonable precaution shall be taken to keep 
different heats carefully separated and identilied throughout the rolling 
and drawing of the wire and to the final stage of inspection and shipment. 

It shall be uniformly coated with pure tin, to .solder readily. 

Workmanship and Fini.sh.— 4. The wire shall be cylindrical and 
.smooth and may show no evidence of scrapes, splints, cold shuts, rough 
tinning, or other defects not in accordance with best commercial practice. 

I’hysioad Properties and T’e.sts —Tensile Test—5. (a) Samples for 
the tensile test shall not be less than 15 inches (381 nim.) long and free 
from bends and kinks. In making tensile tests on aircraft wire, (he 
di.stance between jaws of testing machine, with the sample in place and 
before test, shall he lO inohe.s (254 mm.). The wire must not break at 
less than the amount specified in the attached table, which i.s a part of tliis 
specification. 

Torsion Test, -{h) Samples for the torsion test shall be straight and not 
lass than 10 inches (254 mm.) long. Tlic sample shall be gripped by two 
vices 8 indies (203*2 mm.) apart; one vice .shall be turned unifoimly at a 
speed not exceeding 60 revolutions per minute (on the larger sizes of wire 
this speed shall be reduced sufficiently to avoid undue heating of the W'ire). 
Guo vice shall have free axial movement in eitJicr direction. All wire shall 
bo required to withstand the minimum number of complete turns shown in 
the .attached table, and which are calculated from the relation 


Number of turns- 


2*7 


68*6 


diameter m inches diameter in millimetres 


Bend 'PeM.---{c) Samples for bend test shall be straight and not less 
than 10 inches (254 mm.) long. One end of the sample shall be clamped 
between jaws having their upper edges rounded witli 3/16 (0*188) inch 
(4*76 mm.) radius. The free end of the wire shall be held loosely between 
two guides and bent OO degrees over one jaw; this is to be counted as one bend. 
On raising to a vertical i>ositiou the count will be two bends. Wire shall 
then be bent to the other side, and so forth, alternating to fracture. The 
minimum number of bends required i.s stated in the attached table. 

Wrappituj Test. — {d) A wrapping test is to be made on at least 10 per 
ciMit nf the total number of coils offered for inspection at om; time. The 
wire IS wrafiped around its own diameter eight consecutive turns with 
pitch substantially equal to the diameter of the wire and then unwrapped, 
maintaining the free end at approximately 00 degrees with the mandril.* 
It must stand this test without fracture. Because of the possibility of 
personal error in making this test, failure on one test is not considered 
conclusive, and if required to do so the inspector shall make at least one, 
but no more tlian two, additional tests on the sample of wire. If any of 
these tests are successful, the material shall be passed as satisfactory in 
this respect. 

Sble(;tion of Test Specimen. —6. A tensile, a torsion, and a bend test 
shall bo mads on each end of each piece of coil or wire. When an individual 
coil of wire is to be divided into smaller coils to meet special requirements, 
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it is sufficient to make one test on the original coil and to cut and seal the 
small coils in the presence of the inspector. 

Dimen.sions and Tolerances. —7. {a) All wire for this purpose shall 

bo furnished in decimal sizes corrc.sponding to the American Wire Gauge 
(Brown and Sharpe gauge). 

{b) A iiormissible variation of 0*002 inch (0*051 mm.) above gauge on 
all sizes will be accepted, but no wire will be accepted having a variation 
of more than 0*(KM)5 inch (0*013 mm.) below gauge. 

Deliverv, Packing, and Shirring. —8 . (a) Wire covered by this 

specilication shall bo shipped in coils or bundles wrappcd^elosely with a 
layer of plain strong paper in strips no lo.ss than 3 inches (70*2 mm.) wide 
and then covered with another wrapping of waterproof paper of an approved 
quality. 


3. SPECIFICATIONS FOR CLEVELAND STEEL SlOUVICE OR 
LOCKING WIRE. 

General. —1. The general spocilications, 1(!1, shall form, according 
to their applicability, a part of these spccitications. 

Use. —2. This wire shall be used for locking nuts and tunibiicKIcs. 

Material. —3. The wire shall be manufactured of either I.A.S.B. 
standard steel No. 1015 or No. 1020. 

M^nufac'TUHE. —4. The wire shall be fuinished in the soft-annealed 
condition, and shall be evenly and smoothly galvanized. 

WoRKMAN.siiiP AND EiNisH.—5. 'I'lic Wire shall be cylindrical and smooth 
and must show no evidence of scrapes, splits, cold shuts, rough, or other 
defects. 

PiiYSK’AL Properties and Tests.—C. The tensile .strength must not 
exceed 75,(X)0 pounds per square inch (52*7 kg. square mm.). 

Selection of Test Specimens. —7. When the wire is being unreeled to 
form small coils for shipment, specimens may bo taken from tlie first, la.st, 
and any intermediate coil in the presence of an inspector who shall seal 
the small coils. Otherwise specimens shall be taken from 10 per cent, of 
the coils for each size. 

Dimknsion.s and Tolerance-s. —8. (rt) All wire for this purpo.so shall 
be furnished in decimal sizes corresponding to the Anieri(;an Wire ( auge 
(Brown and Siiarpe gauge). 

(6) A permissible variation of 0*002 inch (0*051 mm.) abo\e gauge cn all 
sizes will be accepted, but no wire will be accepted having a variation of 
more than 0*0005 inch (0*013 mm.) below gauge. 

Delivery, Packing, and Shipping.— -9. (a) Wire covered by this 

specification shall be shipped in coils or bundles wrapped closely with a 
layer of plain strong paper in strjp.s no less than 3 inches (70*2 mm.) wide 
and then covered with another wrapping of waterproof paper of an approved 
quality. 

(6) The size and weight of packages or coils shall conform to the following 
unless otherwise specilied on orders 0*072 inch (1*828 mm.) and larger, 
mean diameter of coils 22 inches (559 mm.), minimum weight of coil 
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25 pounds (U’34 kg.); 0’064 inch (1628 mm.) and smaller, mean diameter of 
cod.s 8 inches (305 mm.), minimum weight of coil 10 pounds (4-04 kg). 

Inspection and Rejection. —10. A tag supplied by the manufacturer 
and tilled in by the (lovernment inspector with ink, showing the number 
of the test as per hi.s ollicial list of tests, the diameter of the wire, and the 
breaking strength, sliall be attached to each coil or piece of wire accepted 
by him or by the salvage board. Such tag shall be sealed on the bundle 
with a steel wire of ajiproved design and a lead seal bearing the private 
mark of the inspector doing the work. 


Chemical Composition or Standard Carbon Steels. 


No. 

Carhtm. 

Manganese. 

Phosiiho} us 
{Max.). 

Sulphur 

{Max.). 

1015 

0-10 to 0*20 

0-;{0 to 0-00 

0-045 : 

0-050 

1020 

' 0-15 to 0-25 

0-30 to 0*60 

0-045 

0-050 


Streamline Wires. 

Modern aircraft invariably use bracing wires of strcainlinc 
or elliptic section in all po.sitions in which they are exposed 
to wind-resistance action. 

It may be of interest to point out that a streandinc section 
has only about i; of the wind resistance of that of a circular 



rod of diameter etjual to the width or minor axis of the stream¬ 
line section. 

It is more convenient to manufacture the flat elliptical 
section sometimes termed “ rafivire,” shown in Fig. 187. 
than it is, to make the ideal streamline shape, and if the fine¬ 
ness ratio is more than about 5 there is little differenee in 
their resistances. Streamline wire is made from circular 
rods by cold swaging, during which process the material 
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becomes hardened; for aircraft work it is necessary to provide 
means for adjusting the tension, or length of these wires, 
and for this purpose the wires are made to approximately 
the correct lengths, hnd are left with a short distance at each 
end round, that is to say, the intermediate portion of the 
original rod is swaged down. The two ends of the wire are 
then screwed right- and left-handed, respectively, and adjust¬ 
ment is made by screwing the whole streamline wire around 
bodily, when it tightens or loosens itself in the end nuts pro¬ 
vided on the anchoring clips. Lock nuts are provided to fix 
the wire in position. 

A typical rafwire connexion is shown in Fig. 188; the 
swivelling trunnion shown, which forms the nut for the 
screwed end of the wire, is provided for the purpose of allow¬ 
ing self-alignment in the length of the wire, and to minimize 
the effects of lateral vibration. 

The tensile strength of the screwed portion of tlie “ butts,” 
or circular ends, should be equal to that of the “ blades,” 
or flattened section; this effect is difficult to obtain, as the 
swaged portion hardens during manufacture, and as the 
screwing processes reduces the effective diameter. 

Uniform strength in both blade and butt can be obtained 
by commencing with circular rods, initially butted at the ends; 
the percentage elongations of the material, however, will not 
necessarily be the same. 

Swaging should not be carried too far, or the material will 
become brittle, and of low ductility. 

The values given in Table CIV. were obtained from tests* 
made upon streamline wires: 

The steel rod from which streamline wires are made should 
be true in diameter to within ±0 001 inch, and should, before 
swaging or rolling, in its commercial state have a tensile 
strength of from 60 to 70 tons per square inch; this strength 
should not be diminished in the swaged condition. It is usual 
to specify that the original wire or rod shall be capable of being 

* “The Use and Abuse of Steel,” II. K. Bagnall-Wild, Proc. Inst, of 
Autom. Engrs., 1916-7. 



Results of Tests upon Streamline Wires. 
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-The “equivalent maximum load” is the estimated load on an area equal to the core diameter area of the screw 






Fig. 188i. —R-ifwiee Trunnios Joists in Front and Side Elevations. 
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bent through 180“ to an internal radius equal to the diameter 
of the rod, without cracks or flaws developing. After .swaging, 
the swaged portion .should have about the same tensile strength, 



and also should bo capable of being bent cold through 180“ 
to an inside radius equal to the smaller width or diameter of 
the section, without cracks or flaws developing. 


j. 


20 
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Table CV. gives the size and strengths of Messrs. Bnm- 
tons’ streamline wires for aircraft purposes, having the .shape 
of section show'n in Fig. 187. 


TABLE CV. 


Sizes and Strengths of Streamline Wire 

(Bruntons.) 

Thread.. 

Width. 

Thickness. 

IJltDnate 
i^trengih xn Lbs. 

Inches. 

Inches. 

Inches. 


4 B.A. 

0-102 

0-048 

1060 

2 B.A. 

0-256 

0-064 

1900 

7, B.S.F. 

0-301 

0-075 

2600 

1. 

0-348 

0-087 

3450 

0-404 

0-101 

4650 

ft 

0-440 

0-110 

5700 

U - 

i .. 

u - 

0-406 

0-124 

71,50 

0-640 

0-136 

8600 

0-596 

0-149 

10,250 

0-636 

0-159 

11,800 


0-692 

0-173 

13,800 

i 

0-732 

0-183 

15,.5(K) 

0-836 

0-209 

20,200 

-l.\ 

0-024 

0-231 

24,700 

1-036 

0-259 

30,000 

3 

1-116 

0-279 

35,000 


1-316 

0-329 

48,000 

1 

1-516 

0-379 

65,000 

u . 

1-708 

0-427 

80,000 

'I. 

1-928 

0-482 

103,000 

Steel Cables. 

In all oases in which a high tensile strength wire (combined 


with a certain degree of flexibility) is required, it is noces.sary 
to employ, not a .single plough steel wire, but a cable or rope 
made up of a number of smaller wires of plough steel tw isted 
together, so as to form a spiral circular rope. 

The construction and sizes of steel cables vary considerably 
according to the purpose for which they are required, from 
the fine 19 wire single strand* Bowden cable of ^'j^-inch diameter, 
with a breaking load of about 6 cwt., up to the marine 
hawser cable, consisting of a 3-inch f outside diameter rope, 
composed of 6 strands each of 37 wires, with a breaking load 
of about 300 tons. 

• Vide Fig. 191. 

f Cables of 9-inch diameter and above aro now made for marin e salvage 









TABLE CVT. 
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1630 305 (tons) 
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Table CVI. on p. 451 illustrates the various types of steel, 
cable in present-day use, and gives the properties of a typical 
example of each. 

Strength of Cables. 

The strength of a steel cable is invariably less than the net 
strength of the individual wires; the cfficieney of a cable is 
expressed by the ratio of the actual to the net breaking 
strength of the total wires, and varies from 70 to 85 per 
cent. 

The weight and strength increase approximately as the 
diameter of the cable, provided that the construction is the 
same; more exactly the weight and strength increase at a 
slightly higher rate. 

Unwin* gives the following relations for the weights of wire 
ropes: 

(а) For steel cables with hemp cores, weight per foot in 
pounds=0-15y“, where y^circumference of cable in inches. 

(б) For all steel cables, weight per foot in pounds=0-17y^. 


TABLE evil. 

Breaking Strength of Cables. (Unwin.) 
Giith = y inches. 


Material. 

lireakhuj Siremjtli in Ton,'*. 

Charcoal iron wire 

1-27 7 ^ 

Bessemer steel (miUl) wire .. 

1-7 >2 

Crucible steel „ 

2-2 to S-0 72 

Plough steel ,, 

.I-S to 4-0 72 


' Tables Nos. CVIII. and CIX. give the strengths of the 
larger round steel cables, as used for cranes, hoists, capstans, 
and general engineering haulage work. 


Aircraft Cables. 

There are two principal classes of steel cable employed in 
aircraft work—namely, (a) extra flexible cable, for controls, 
and {b) Bracing cable. 

• “Testing of Materials of Construction.” W. C. Unwin. 
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TABLE CVIII. 

Pbopebties op “Mild Plotjoh ” Steel Wire Cable. 
(Bullivant cand Co., Ltd.) 

Strength of wiro~100 ton.s per square inch. 


v. 

S 

1 ^ Flexible. Steel H ire Roi>e, 

o' 1 6 Slraitd.'i, each 12 Wires. 

1^1 

! > ' . _ _ 

Extra Flexible ! 
Steel H ire Rojie, 
() Strands, 
each 24 H’iVp^k. 

Special Extra 
Flexible Steel 

H ire Hope, 

(> StKinds, each 
37 H'lrcA’. 

i 1 

1 1 i 

Approximate 
Weight per 
Fathom. 

” <-5 “ o 

Guaraoteed 

Breaking 

Strain. 

Approximate 
Weight per 
Fathom 

Guaranteed 

Breaking 

Strain 

Approximate 
Weight per 
Fathom. 

2 a 
Cm 

2 rt 2 

2 r- yj 

- CQ 

O 

Inches. 

/ nches. 

Founds. 

Inches. \ 

Tons. 

Founds. \ 

Tons. 

■ Founds. 

Tom. 

I 

f. 

0-G3 

G 1 

1-75 

0-88 i 

3-25 


— 

1.1 

ji 

l-OG 

7-5 

2-5 

1-31 j 

5 

\ 

— 

4 

i 

!■« 

9 

4 

1-88 

7-5 

2-0 

1 8 

W 


1 2-0 

10-5 

1 5-5 

2-5 1 

1 9-75 

2-88 

11 

2 

1 

1 2-44 

12 

! 7 

3-5 

13 

4-0 

14-5 

21 

ij 

t 3-37 

13-3 

9 

4-5 

: 16-25 

4-88 

17-5 

2i 


1 4-1(1 

15 

i 12 

5-44 

) 20-5 

' 5-88 

22 

2f 

7 

1 5*25 

lU-f) 

i 15 

6-25 

1 24 

1 7-1) 

26-5 

3 

1 o 

' 6-25 

18 

i 18 

7-03 

1 28-5 

’ 8-25 

32-25 

31 


1 7*0<) 

l»-5 

! 22 

9-37 

' 34 

: 10-38 

37-5 

31 


i 8-25 

21 

20 

10-75 

30 

11-5 

43 

31 

L',t 

! 9*87 

22-5 

: 29 

12-l{l 

! 45-5 

13-38 

50 

4 

4 

i 11-2.5 

24 

i 33 

13-62 

51-5 

I 15-25 

56-5 

4 

Ik 

1 i2'3r) 

25-5 

36 

15-60 

: 59 

17-12 

65 

4 


j 13-44 

27 

1 39 

17-75 

()5 

10-0 

70-5 


4 

1 

-- 

1 — 

19-88 

i 74 

21-69 

70 

5 

I U\ 

; 

— 

, — 

22-r> 

1 82-5 

; 24-38 

88 


The finer, or “ bicycle,” cable is also sometimes employed 
for working engine controls over a series of pulh^ys, or in 
the Bowden controls. 

Those cables can bo obtained in the galvanized, tinned, or 
jilatod condition, and are preferable in one of these conditions 
for exposed situations. 

Extra flexible cable for working aircraft controls, such as the 
elevators, ailerons, rudder, and adjustable empennage, are 
compo.sod of a greater number of individual wires in the 
same sectional area than in the case of bracing or straining 
cables. 
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TABLE CIX. 

Properties of Steel Cables of Different Steels. 

(Bullivant and Co., Ltd.) 


Size. 

Circum¬ 

ference. 

Dia¬ 

meter. 

A pproxi- 
wate 
Weifjht 
per Fathom. 

“ Crucible^' 
Steel. 

Best 

Selected 

Improved 

Crucible.'" 

Steel. 

Best 
Selected 
“ Mild 
Plough ’ ’ 
Steel. 

Best 
Selected 
“ Extra 
Plough ’ ’ 
Steel. 

I nches. 

1 nches. 

Pounds. 

H.S. 

Tom. 

B.S. 

Tons. 

n.s. 

Tons. 

n.s. 

Tons. 

u 

1 •« 
n 1 

1-7.5 

4*5 

4-75 

5-25 

5-75 


i 

2-5 

() 

0-5 

7-25 

7-75 

li 

A 

3-25 

8-25 

8-75 

0-5 

10-5 


i 

4 

11 

11-75 

12-75 

14-25 


u 

5-25 

14-25 

15 

10-5 

18 

4 

lit 

6-25 

17*5 

18-25 

20 

22-5 

‘>71 

•• i 

7 

7-5 

21-25 

22-5 

24-75 

27-25 

3 

Is 

L's 

1» 

24-75 

20-5 

29 

31-75 

H 

10-5 

2i)-75 

31-75 

35 

38 


H 

13 

34-5 

36-75 

40-25 

44-25 

H 

1A 

14-5 

39-0 

42 

40 

50-75 

i 

li 

10-5 

45-5 

48-5 

53 

58 


If 

17-75 

52-5 

50 

01-6 

67 

*i 

14 

20 

57-5 

61 

67 

73 


li 

22 

05 

09 

70 

83 

6 

' 14 

25 

72 

76 

83 

92 


The most commonly employed sections are those consisting 
of 7 strands of 7, 14, or 111 wires each, the diameters varying 
from 0-075 inch up to about 0-305 inch, with respective break¬ 
ing strengths of 650 and 11,000 pounds. 



Fic. 191 .—Extra Flexible Cable Section (7x19). 

Fig. 191 shows the con&truction of a typical 7x19 cable, 
and Tables OX. to CXI I. gives the corresponding properties* 
in both English and Metrical Units. 

• The author is indebted to Messrs. Brunton and Son, Musselburgh, 
Scotland, for the illustrations and particulars given. 
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TABLE CX. 

Properties of Non-Flexible Cable (1 x 19). 

(Messrs. Brunton and Son.) 



Fia. 191a, 


.METRIC MEASUREMENTS. 


DiamtUr ^ 

of Rope 1 

in Mdhmetru-'i. i 

1 

Diameter of 
Wire in Rope 
in Millimetres. 

Weight per 

100 Metres 
in Kilos. 

Breaking 
Strain of Rope 
in Kilos. 

1-0 

0-20 

o-5:( 

130 

1*1 

0*22 

0-«4 

160 

1-2 

0*24 

o-7« ; 

180 

1-3 

0-26 

0-89 1 

205 

1-4 

0-28 

l-OI! j 

235 

1-5 

0-30 

1-18 ! 

265 

1-6 

0-32 

, 1-35 : 

305 

1-7 

0-34 

’ 1'52 

345 

1-8 

0*3(5 

1'70 

' 385 

1-9 

0*38 

L90 

' 430] 

2*0 

0*40 

2-10 

1 475 


ENGLISH MEASUREMENTS. 


Circumferenee 

of Rope 
in Fraetions 
of an Inch 
approximately. 

! 

' Diameter of 
Rope 

in Decimals 
of an Inch 
approximately. 

Diameter of 
Wire in 
Decimals of 
an Inch. 

Weight per 
100 Feel 
in Pounds. 

Breaking 
Strain of 
Rope 

in Pounds. 

i 

0-040 

0-0080 

0-36 

285 

if’i 

0-044 

0-0086 

0-43 

350 

bare 

0-048 

0-0094 

0*51 

410 

full 

0*052 

0-0100 

0-59 

450 

11 

0*056 1 

0*0110 

0-69 

520 

\ 

0-060 

0-0118* 

0-79 

690 

u 

i 0*064 

0-0126 

0-90 

676 

.h bare 

0-068 

0-0133 

1-01 

760 

jV lull 

0-072 

0-0141 

1-13 

860 

1 bare 

0-076 

0-0140 

1-27 1 

950 

1 full 

0*080 

0-0160 

1-40 

1050 
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TABLE CXI. 

Properties of Elbxible Cable (7 x 7). 
(Messrs. Brunton and Sons.) 



Fic;. 191b. 

METRIC MEASUREMEN'I'S. 


DiameU) of 
Ropi' 

in Millimetres. 

Diameter of 
Wire in Rope 
in Millxmehes. 

Wenjht per 

100 Meties 
in Kilos. 

Breakimj 
Strain of Rope 
in Kilos. 

1-8 

(>2() 

1-25 

290 

2-0 

0*22 

1*52 

350 

2-3 

0‘2r> 

l-})5 

430 

2-0 

0-27 

2-28 

480 

2-75 

()'3U 

2*82 

595 

M) 

0-33 

3-40 

720 

2-3 

0-35 

4-05 

855 

3-5 

0-38 

4*55 

950 

3*7 

0-40 

5-00 

1055 

4-0 

0*44 

()-or> 

1275 

43 

0-47 

6-90 

1455 

4*0 

0-50 

7*85 

1050 


ENCLISH MEA.SUREMENTK. 


Circumference 
of Rope 
in fractions 
of an Inch 
approximately. 

Jluimeter of 
Rope 

in Decimals 
of an Inch 
approximately. 

\ 

Diameter of 
Wire 

in Decimals 
of an Inch. • 

i Wei'jht ‘per 
, 100 Feet 

\ in Fonnde. 

' Jhenkimj 

I Stiain of 

1 Rope 

\ in Pounds. 

' f-i 

1 0-070 ; 

o-oov 

0-83 

640 

i 

0*080 1 

o-oos 

1-01 

770 

.7 5 

0*090 

0-010 

1-30 

960 

A 

0-100 

0-011 

1-.62 

1060 

U 

0*110 

0-012 

1-88 

1310 

8 

0*120 

0-013 

2-27 

1680 


0*130 

, 0-014 

2-70 

1880 

rV 

0*140 

0-016 

3-03 

2100 

1 (5 

a 

0*150 

0-016 

3-33 

2320 

i 

0-160 

0-018 1 

4-03 

2805 

i5 i 

0-770 

0-019 : 

4-60 

3200 

l> 1 

1 (5 ; 

0-180 

0-020 : 

5-23 

3630 
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TABLE CXII. 

Propbeties of Extra-Flexible (AiRSHn') Cable (7x 37). 
(Messrs. Brunton and Son.) 



Fig. 191c. 


METRIC iMEAKUREMKNT.s. 


Diauielcr of 
Rope 

in Millimetres. 

Diameter of 

Wire in Rope, 
in Millimetres. 

Weight per 
loo Metres 
in Kilos. 

lireakuig 
Strain of Rope, 
in Kilos. 

M) 

0-31 

12-1> 

2710 

(3-5 

()'34 

1 IlI-o 

3270 

7-0 

0-30 

17*4 

3000 

l-r> 

0-3<) 

1 2()*4 

4300 

s-o 

0-42 

■2S-1 

4000 

8*5 

0-44 

2(i-0 

.')470 

11*0 

0-47 

20-7 

0240 

0-5 

(>•50 

33-() 

7070 

lO-O 1 

0v2 

36-:i 

7640 


ENCLISH MEA.SUREMENTS. 


1 

Circumference 
of Rope 
in Fractions 
of an Inch 
approximately. 

Diametei of 
Rope 

1 in Decimals 
of an Inch 
approximately. , 

Diameter of 
Wire 

in DecimaU 
of an inch. ' 

Weight per 
100 Feet 
in Pounds. 

Breaking 
Sttam of 
Rope 

in Pounds. 

i 

0-240 

0-012 

8-60 

5960 

Vi 

0-260 

0-014 

10-33 

7195 

T ; 

0-280 

0-015 

11-60 

8050 

} li 

0-300 

; 0-016 

13-60 

9460 

1 

0-320 

0-017 

15-80 

9980 

ll',I 

0-340 

1 0-018 • 

17-53 

12,033 

4 

0-360 

: 0-019 

19-80 

13,720 

IfV 

0-380 

0-020 

22-40 

1.5,560' 

4 

0-400 

1 0-021 

24-20 

16,810 
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Bracing Cable. 

Cables are often employed for bracing aeroplane and airship 
structures, but have been replaced to some extent by stream¬ 
lined section wires, or raf wires, in aeroplane work for exposed 
positions. 

Where cables arc exposed to wind action, the resistance is 
usually lessened considerably (from to ’) by streamlining 



' the cables with wooden fairing in the shape of a tail portion; 
spruce is usually employed for this purpose, and the fairings 
are taped and glued to the cable at intervals. 

Fig. 1!)2 shows three typical methods employed for fairing 
exposed cables. Diagram A shows the ordinary tail piece 
fairing. Diagram B illustrates a fairing consisting of both a 
nose and tail piece, whilst diagram C shows the method adopted 
for fairing the duplicate left cables of an aeroplane wing. 
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Pulleys for Control Cables. 

'I'ho pulleys should be grooved* to suit the cable radius of 
the ball-beai'ing ty])e, and made in either brass, gun-metal, or 
aluminium alloy. 

The diameter of the pulley should not be less than 20 times 
the diameter of the oable, or about 7 times the. cireuinfcrenee; 
it is usual to provide guides near the pulhfys, and wherever 
cables pass near a member of the machine, either bell-mouthed 
copper “ fair-leads ” or red fibre guides should be provided, 
These, guiiles shoulfl be lubricated with thick grease. 


International Aircraft Standard Cable Specifications. 

Th(> I.A.S.15. specify the following types of aircraft cables 
—namely, («) (lalvanined Single Strand, Nun-Flexible with 
10 wires; (b) Calvanizcd Multiple Cable, Flexible, (i strands of 
7 wires each; (r) Calvanized Multiple Cable, Idexible, 7 strands 
of 7 wires each; (d) Galvanized Multiple Cable, Extra- 
Flexibh^, 7 strands of 10 wires each. 

The following tabh.' gives the properties specifual for these 
cables: 

TABLE CNIIJ. 

I.A.S.B. Cable Si'ecifioations. 



Diditif'fe) 

' Inches. 

Jireakiiuj 

JAtreidjt/i 

171 Pounds. 

A pprox7)7iate 
We.ujht per 
i 100 Feel 
in Ponvds. 


' 0-312 1 


12,500 

20-05 


0-2,W 

i 

8000 

13-50 


■ 0-218 

7 

(1100 

10-00 


0-18; 

I'V 

4600 1 

7-70 

Single strand non- 

1 0-156 


3200 ! 

5-50 

dexibic (1x19) steel- 

0-125 

k 

2100 

3-50 

wire cable 

0-109 


! 1600 1 

2-60 


0-094 


i 1100 j 

1-75 


0-078 


780 

1-21 


0-002 

A 

500 

0-78 


, 0-031 

1 

.If 

! 

\ 1 

0-30 


Either vec or semi-circular with sloping sides. 
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Manufacture. —The steel wires composing the cable shall be laid around 
the centre wire in one or two layers as required by the number of wires in 
the cable with a left-hand (counter-clockwise) pitch and with a length of 
lay not to exceed 11 times the diameter of the cable or not less than 9 times 
the diameter of the cable. 

Wires composing the cable shall be uniformly coated with pure tin or 
galvanized to solder readily. 


I.A>SJS» DesigmtioiK 

Diameter. 

Inches. ' Inches. 

1 

Breakiyuj 
Strength 
in Pounds. 

'Approximate 
i Weight per 
! 100 Feet 

in Pounds. 



0’312 


7900 1 

15-00 



0-250 

i 

5000 j 

9-50 



0-218 


4000 

7-43 



0-187 


1 27-50 

5-30 

Flexible (1x7 .steel wire 


1 0-156 


1 2200 

4-20 

cable (cotton centre) ' 


0-125 

i 

11.50 

2-20 



0-109 


8:io 

1-.50 



0-094 


' 780 

1-30 



0-078 

! «‘t 

' 480 

0-83 


1 

1 

0-062 

\ * 
i 

400 

0-73 


Manufacture. —The steel wires composing the individual strands of the 
cable shall be laid concentrically around the centre wire in one layer of six 
wires with a left-hand (counter-clockwi.se) jiitch or lay. The cable itself 
shall be constructed by twi.sting six of these strands composed of seven 
wires each around a cotton centre witli a right-hand (clockwise) pitch or 
lay of 6 to 8 times the diameter of the whole. 


I.A.S.B. Dcsujnation. 

Diameter. 

! Breaking 
i Strength 
in Pounds. 

\ 

Approximate 
Weight per 

Inches. 

Inches. 

lOO Feet 
in Pounds. 



' 0-312 


9200 

16-70 



0-2.50 

1 

6800 

10-50 



0-218 

TlV 

4600 

8-30 

Flexible 7x7 steel wire 
cable (wire centre) 


0-187 ' 

0-156 ' 

0-125 

nV ! 

i 1 

3200 

2600 

1360 

5-80 

4-67 

2-45 



0-094 

11 

■5 2 

920 

1-45 



0-078 

A 

Iff 

560 

0-93 



,0-062 

480 

0-81 
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l.A.S.B. Designation. 


Diameter. 


Inches. 


Inches. 


Breaking 
Strength 
in Pounds. 


Extra-Hexil)lc7x lOsteel 
wire cable {for con¬ 
trols) 


0-.S75 

i 

i 

j 14,400 

0-344 

u 

12,6(HJ 

0-312 

A 

9800 

0*281 


8000 

0*2.50 

i 

70(M( 

0*218 

S‘2 

.5C(K) 


0'1H7 

015(5 

0125 


4200 ; 

28(M) 
2000 ' 


A f’proximate 
\Veight per 
10(( Feet 
in Pounds. 


26*45 

22*63 

17*71 

14*66 

12*00 

0*50 

6*47 

4*44 

2*88 


M xNiJFACTURE.— The steel wires composing the individual strands of cable 
shall belaid concentrically around the centre wire in one layer of C wires and 
another, or outer, layer of 12 wires with a left-liand (counter-clockwise) pitch, 
the lay or ])itcli of both layers being of the same length; the cable itself 
shall be constructed by twisting 6 of these strands composed of 10 wires each 
around a seventh strand of the same construction and material with a right- 
hand (clockwi.se) pitch or lay of 6 to 8 times the diameter of the whole. 

It is to be understood that the strand composing this cable must not 
neces.sarily be com 2 )osed of wires all of the same diameter. 

The following is a typical specification* of one of the l.A.S.B. 
aircraft cables: 

‘IS 14 .—Specification for 7x7 Flexible Steel Wire Cable. 

General. —1. (n) This specification covers the finish, material, and 

construction of liigh-strength steel wire cable comiiosed of steel wires 
twisted concentrically around a steel wire centre, tlius forming a strand, 
and such strands twisted concentrically around a central strand of the same 
construction, forming a cable. 

(6) The general specification, IGl, shall form, according to their 
applicability, a part of these sjiecifications. 

Matekial.— 2. The wire shall be manufactured of either l.A.S.B. stan¬ 
dard steel, No. 1065, No. 1070, or No. 1080, the compo.sitions of which are 
listed below. 

Manufacture. —3. (a) The steel wires composing the individual 
strands of the cable shall bo laid concentrically around the centre wire in 
one layer of six wires with a left-liand (counter-clockwise) pitch or lay. 
The cable itself shall be constructed by twisting six of these .strands com¬ 
posed of seven wire.s each around a seventh strand of the same construction 
and material with a right-hand (clockwise) pitch and with a length of lay 
of .six to eight times the diameter of the whole. 

* The same general type of specification applies to all of the l.A.S.B, 
cables, the only differences lying in the constructions and strengths. 
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(6) The steel from which the wires composing the cable are drawn shall 
be manufactured by the acid open-hcartli process. 

(c) Wires composing the cable shall be uniformly coated with pure tin 
to solder readily. 

{d) Joints in wires in cable having a diameter of 0’1.56 (g\) incli 
(3*969 ram.) and larger shall be brazed in a gas tire. In cable having a 
diameter of 0*125 (^) inch (3*175 mm.) or less, wires may be joined either 
by brazing or twisting, at the manufacturer’s convenience. Tuckcd-in or 
welded joints are not permitted. No two joints in individual wires shall 
be closer to one another in th(^ completed cable than 30 feet (0*14 ni.). All 
brazed joints shall be tinned. Kxposed brass at joints sliall not constitute 
cause for rejection. 

WoRKMANsnii' AND FiNisii.—4. Each length of cable is to be evenly 
laid, and free from kinks, loose wires, or other irregularities. 'I’ho cable 
shall remain m this condition wlien unwound from the reel oi bend around 
a standard thimble, proper jirecautiona being taken to secure tbe end.s. 

Physical Properties and Test.s —Tensile 7’c-s/.~5. (n) A tensile test 

.shall be made upon each individual reel of cable jiiirchased of a size. 

{h) Samples of cable for testing for tensile strength sliall be no less tliaii 
24 inches (610 mm.) in length. Tn making tests the distance between jaws 
of testing machine with sam]i]o m jilace and before lest shall be not less 
than 10 inches (254 mm.). 

(c) Samples for tensile test may be clamped in the jaws of the testing 
machine in the usual manner to facilitate testing; but in (^ase of failure or 
dispute on individual tests and at the request of tJie manufacturer check 
to.sts .shall bo made by socketing the samples with pure zinc. 

(d) Cable for use in the construction of aircraft shall moot the required 
breaking strength specified in the table. 

Be.nd Test. —(e) One bend test is to be made on a sanijile cut from each 
reel of cable of a given size. Each samjile must, be bent once around its 
own diameter and straightened again at least 20 times in succession in the 
same direction of bending without any of the wires breaking. 

Torsion 'Test .—(/) A torsion test i.s to bo made on one wire from each 
sample of cable for tensile test. Tlio wire is to be gripped by two vices 
8 inches (203 mm.) a])art. One vice shall be turned uniformly at as high a 
rate of speed as possible without jierceptibly heating tlie wire. Om* vu'c 
shall have free axial movement in either direction. 

(f/) The number of complete turns which the wire shall .stand is deter- 
mined by the formula 


Number of turna = 


2*2 _ 

diameter in inches 


_55d»_ 

diameter m millimetres 


{h) Failure of one piece of wire to show full number of turns specified in 
the above torsion tost shall not be considered cause for rejection, but in 
such case two additional tests shall be made on two more wires from tJie 
same sample of cable, and if both samples meet the requirements of the 
specifications the cable shall be accepted in this resjicot. 

Dimensions and Tolerances. —6. There shall be no permissible 
variation m gauge below size. Cable having a diameter of Vii to A 
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(1*59 to 2*38 mm.)» inclusive, shall have a permissible variation of 12 per 
cent, above size; cable having adiameter of ^ to inch (3*18 to4*"() mm.}, 
inclusive, shall liave a ])ermissible variation of lOjii-r cent, above size; and 
cable having a diameter of to g inch (5*50 to S)’r)3 mm.), inchi.sive, sluill 
have a permissible variation of 7 jier cent, above size. 

Deuvkuy, Packing, and vShipi’ino.— 7. (a) All cable shall be shipped 
on reels in lengths as specilled on orders. 

(h) The dimensions of reels for different lengths and sizes of cable shall 
conform to the table attached to tins specitU-ation. 

(c) A tinned or galvanized steel seal wire of approved design shall pass 
around no less than three convolutions of the cable on the lecl and shall pass 
through a linen tag showing the name of the manufacturer, the si/.c and 
length of cable on the reel, the order number or otlier <listinguishing marks, 
and a record of the test for tensile strength. A lead seal imino.ssed with 
the official stamp of the repre.sentativo of the (lovernmcnt making the 
inspection shall secure the ends of this seal win' and furnisli ovidenci' of 
inspection and acceptance. 

(d) The outer layer of cable on a reel ready for shipment sliall he ])ro. 
tected from meclmnicnl injury in handling and transpoiting by an eflii ient 
covering of burlap. 



Fig. 193.—Tyi’Ioal Wire Fkhiuile .Foint. 

Aircraft Wire Joints. 

The common method of making an end joint with high 
tensiie stool wire is to form a loop on the end, bring tlie end of 
the wire parallel and adjacent to‘the other straight portion, 
then slip a spring wire ferrule of the form shown in Fig. 193 
over the two adjacent wires until it butts up against the loop; 
the free end of the wire is then bent up close to the ferrule. 
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It is usual to pass the wire through an eye-plate attachment 
before slip])ing the ferrule on, or to bolt the eye to a 
fork-end. 

It has been known for some time that the ordinary wire 
ferrule joint, even when correctly made, has an efficiency of 
only about 60 to 70 per cent, of the wire strength, itself, and 
that failure generally occurs through the end of the wire pulling 
through the ferrule, or by fracturing on the loop. 

A number of tests were made* by Messrs. J. A. Roebling 
and Co, upon the efficiencies of various forms of stay wire 
fastenings with the object of hnding which was rhe best. 

Fig. 104illu.strates some of the types of fastenings tested; the 
results of the tests are shown in Table CXIV. 

The joint illustrated in Fig. 1 consists of a flattened copper 
tube, or strip, slipped over the bent ire, and soft soldered in 
position; this form is considered unsatisfactory for service, as 
the corrosive action of the soldering flu.x, and the heat, affect the 
strength of the wire. The type shown in Fig. 2 is that of tlie 
common ferrule joint above described. The radius of the 
curve at A and B should be exactly the same as at C, and no 
solder should be used. The ferrule should be of spring steel 
wire quality and should have from 7 to 10 turns, with an 
oval hole. In 80 per cent, of the tests u])on this joint, the 
wire pulled through the joint, giving about (i.5 per cent, average 
efficiency, whilst in the case of tlie remaining 20 per cent., 
failure occurred by fracture at A, the average efficiency being 
68 per cent. 

Figs. 3, 4, and .'5 show respectively dilferent radii for the 
loop, pitch of spinal, and a method of wrapping the free (md 
■of the wire around the main stay wire in order to prevent slij). 
The efficiencies of these three joints are all low however. 

Figs. 5 and 6 illustrate methods of binding the free end in 
order to prevent slip; the efficiency of this type of joint is about 
70 per cent. 

Figs. 7 to 10 denote methods of employing wedges to pre- 

* National Advisory Committee for Aeronautics Ileport, 1915. Washini;- 
ton, U.S.A. 
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vent slipping of the free end; there is here an appreciable gain 
in efficiency, the average value being about 78 per cent, 
hig.s. 11, 12, and 13 show ferrule joints formed with double 
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eyes without and with wedges; the average efficiency in these 
cases is about 83 per cent. * 

By employing a double eye with a tapered ferrule and one 
wedge between the ferrule and the eye, as shown in Fig. 13, a 
joint with an average efficiency of 85 per cent, is obtained. 

I- 30 
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The most efficient joints, however, arc those illustrated in 
Figs. 14 and 15, in which a “ thimble wedge ”—that is, a thimble 
and wedge combined in one piece—is employed in conjunction 
with a tapered ferrule, and a wire-binding for the free end of 
the .stay wire. The average efficiency of this joint is about 
i)4 per cent. 

The fracture in this case usually occurs in the thimble eye 
portion, as slipping of the stay wire is effectively prevented 

TABLE CXIV. 

Summary of Results of Atrobaft Wire Joint Tests. 

(For joints shown in Fig. 194.) 


rmintil. 

A veraije 
Efjieiencif. 

Itange of 
Effu'iency. 

Point'< of 
Ffartii/e. 

Peinark‘<. 

1 

Per Cent. 

80 

Per Cent. 
60 to 90 

“A” or“B‘’ 

American sohlered. 

2 

(1.7 

60 to 75 

“ A ” or 

Foreign, projier eye. 

3 

62 

60 to ()5 

slip]KMl 

Sli])])ed 

Foreign, improper eye. 

4 

()0 

59 to 61 

do. 

Hight-liaml ferrule. 

5 

72 

' 65 to 75 

“B" . . 

Hud wraiiped around stay. 

(> 

70 

68 to 78 

“A” . . 

b'lul tieil to ferrule. 

7 

82 

80 til 84 

“A” .. .. 

^Vetlge under hook. 

8 

80 

79 to 83 

“A” .. .. 

Two wedges with yoke. 

9 

70 

60 to 75 

‘•D” .. .. 

Two wedges with washer. 

10 

84 

75 to 87 

“A" .. .. 

Two wedges end wrajiped. 

11 

80 

74 to 82 

“A” .. .. 

Double eye, no wedge. 

12 

85 

( 80 to 87 

‘‘A" .. 

l')oubIe eye, 1 wedge. 

13 

94 

92 to 95 

“K” .. 

1’apered ferrule, doubh* 

14.1.7 

; !)4 

92 to 06 

‘E’ .. .. 

eye, wedge. 

Thimble wedge T. F. 


1 

t 



single eye. 


Note .—These tests were made with wire having a diameter of 0-102 inch 
and a strength of 1600, 1800, and 21100 pounds. No difference in effi¬ 
ciency of stay was found by using wire of any of these strengths. 


steel Cable Splices and Connexions. 

There are several ways of making connexions between cables 
and their attachments, the method adopted in each case de¬ 
pending upon the purpose for which the cable is used, and in 
many cases upon considerations of convenience. 

The principal methods of making cable end connexions may 
be briefly classified as follows: 
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1. By splicing, with or witliout tliimblos. 

2. By looping, binding witli copper wire, or tubing and 
soldering. 

3. By socket-soldering. 

There aro, of course, other methods of making connexions, but 
the above aro those most commonly employed in aircraft work. 

The method which was at one time the most widely adopted 
in aeroplane, work, and which is still frequently employed, wais 
the hand-splicing one, w hidi reciuirc'd skilled workmanship, and 
which occu])ied an aj)prcciable amount of tinie, but gave very 
good results as a rule,* With the introduction of quantitj'- 
production of aircraft, however, it was not possible to obtain a 
sufficient output of sjilices to keep pace with the ottu'r com- 
])onenti^, and it became the jiractice to adopt the second method 
mentioned above: this method when proi)erly executed gives 
almost ideiitical results with that of No. I, but the joint sud¬ 
denly changes in Ilexibilitv and section where the sohh'ring 
ends, whereas the spliced joint gradually dianges, and indivi¬ 
dual wires are h'ss likdy to fractuo', when bent. An elHcieney 
at the joint of almost 100 per cent, can be i)btained with each 
om^ of the above methods. 

I'ig. lOo .shows two standard aircraft cable joints of the sol¬ 
dered type (2), the proportions shown being accurately to scale. 

Spliced Joints. 

In marine and aircraft work, w here splicing is i)os.sible, it is 
prderablo, and if ju'ctperly carried out will give a connexion as 
strong as the cable itself. 

It is now the invariable ])raetiee to splice looped ends with 
a brass or galvanized iron thimble in the loop to protect the 
cable and to distribute the load over the loo]). 

There are two common methods of splicing employed for 
steel cable—namely, (a) the “ Under and Over,” or Crossed 
method, as shown in Figs. 197 to202; and (6) the " Liverpool,” 
“ French,” or Spiral method, as shown in Fig. 203. 

The former is the method most commonly used in aircraft 

* An average wire splicer could do a splice m a 5-miliimetre cable com¬ 
plete m about 30 minutes. 
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work, and it has the advantage that the pull on the cable 
tightens the joint, and thei'e is little possibility of the strands 
slipping. It shows a plaited apjiearancc before serving. 



Method of Making SplicesTools Required— The tools 
required for wire splicing eoinpri.se: (1) A flat marlin spike; 

* The autlior is indebted to Mcssi-h. Jtriintons, of Miis.selburgli, Seotlaiid, 
for the following descrijition and illustrations. 
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(2) a round marlin spike; (3) a pair of wire-cutting nippers; 
(4) a “ tucker,” shaped similar to a wire gimlet, with pointed 
end (used for splicing small strands); and (5) a serving mallet, 
with bobbin for holding serving twine for finishing splices. 
These tools, the metal parts of which should be made of hand- 
f<)rg(!d best cast steel, are shown illustrated in Fig. 106. 

The Under and Over Method—Instructions. —Serve the cable 
with wire tarred yarn (for large cables) or w'axed thread (for 
small cables) to suit the circumferehce of the thimble, bend 
around the thimble, and tie securely in place w'ith temporary 



lashing until the splice is finished, as shown in Fig. 197. Open 
out the strands, as shown in Fig. 108, taking care to keep the 
loo.se end of the rope to the left hand (see Fig. 108). Now 
insert the marlin spike, lifting two strands (as shown in Fig. 
190) and tuck away tow'ards the right hand (that is, inserting 
the strand at the point, and over the spike) strand No. 1, 
pulling the strand well home. Next insert the marlin spike 
through the next strand to,the left, only lilting one strand, the 
point of the spike coming out at the same place as before. 
Tuck away strand No. 2 as before. 

The next tuck is the “ locking tuck.” Insert the marlin 
spike in the next strand, and missing No. 3, tuck away strand 
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No. 4 from the point of the spike towards the right hand. Now, 
witliout taking out the spike, tuck away strand No. 3, behind 
the spike toivards the left hand (a.s shown in Fig. 200). Now 



» 



Fig. 201. 

• 

insert the spike in tlio next strand, and tuck away strand No. 5 
behind and over the spike. Do No. 6 likewise. Pull all the 
loose strands well down. 

This completes the first series of tucks, and the splice will. 
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if properly made, be as shown in Fig. 201. Next, starting with 
strand No. 1 and taking each strand in rotation, tuck away 
under one strand and over the next strand until all of the 
strands have been tucked four times. 

If it is intended to taper the splice, the strands may at this 
point be split, and half of the wires being tucked away as 
before, the other half cut close to the splice. The finished 
splice is shown in Fig. 202 in the condition ready for .serving.* 
Serving is sometimes only applied, to the tapered end of the 
splice in aircraft work, but for all ordinary purposes the whole 
splice may be served. 

'ij 

I* 

j 

./"i 

■t' 

" I 


Fig. 202.—Finished Splice. Fig. 203.—French or Spiral Splice. 

The Spiral, Liverpool, or French Splice. —The second method 
of splicing, which is shown illustrated in Fig. 203, has the appear¬ 
ance of a spiral cable similar to the unspliced cable, and is 
applicable to any cables or hawsers which do not hang free, 
nor are liable to spin or rotate. In this method the strands, 
instead of being interlocked together, are merely tucked round 
and round one particular strand in the rope. Each loose 
strand is, of course, tucked round a different strand in the cable. 

• Serving is the name given to the method of binding the finished splice 
with waxed cord or twine, or tarred yarn, to protect the joint, and to 
prevent the loose wire ends from catching in objects. 



I 
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Cable Sockets. 

One method of making a strong end connexion, having at 
least the strength of the cable itself, is that shown in Fig. 78, 
and described in detail on p. 183. 

Fig. 204 illustrates two types of Messrs. Bruntons’ flexible 
cable sockets for soldered ends, one forming an ordinary eve, 
and the other a forked end. 

The method recommended for making cable .sockets is as 
follows: Put the socket oVer the cable, assliown in Fig. 205 (A), 
and about 6 inches from tlie end. Serve with fine wire for 
about 11 inches, then open the strands, cut off the heart, and 
bend all of the stranels back, as shown in Fig. 205 (B). These 



Fio. 204.— Cable So<'KiiT Four and Eye. 


strands should then be tucked in between the strands, as shown 
in Fig. 205 (C), and the whole hammered together. A steel 
pin should be driven in, as shown in Fig. 205 (0). The cable 
is then drawn into the socket, as shown in Fig. 205 (D). and the 
interior filled with a good hard white-metal. 

The composition of a suitable white-mc'tal is one consisting 
of equal parts of tin, lead, and zinc. 

Another method of fastening cables to conical-endcd sockets" 
is as follows: A length of cable sufficient to allow of a testing 
length of usually six times the circumference, with a minimum 
of 15 inches between the grips, is cut off, the wires at each end 
are opened out, dipped in a strong solution of caustic soda or 
hydrochloric acid, washed and dried, and if necessary cleaned 
with emery paper. One of the prepared ends is then placed 
in a taper mould, the cable where it enters the mould being held 
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in clamps attached to the mould to ensure perfect centraliz¬ 
ation. The mould is then placed in a vice with the wider ori¬ 
fice uppermost and the opcned-out wires at the top of the mould. 
Molten lead, to which 10 per cent, of antimony has been 
added, is then poured in and allowed to set. The same proce- 





A 




B 






C 


^ D 

Pro. 205. —Method of makino iSocket Joint fob Cable-End. 

dure is then adopted with the other end. Before cutting off 
the test sample and opening out the wires it is necessary to 
whip or solder the cable in order to preserve the lay. 

When the sample is cool, the cones may be attached in split 
ends; alternately the sockets themselves may form the moulds. 
For multi-stranded cable, a good method (illustrated in 
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Figs. 206 to 209) is to bind the cable end at a distance equal to 
a little more than the •socket-coned portion, and next, after 
separating and cleaning the strands with petrol to eliminate 
grease, to dip in a solution of equal parts of hydrochloric acid 
and water for a few minutc.s, and after cold-water washing to 
dry. The tops of th(^ cable wires are then bound with a soft 



Fiu. 206. t'K’. 207. 


wire, pushed through the socket, until they are a little above 
the top, and the top soft win! binding pulled off, which allows 
the wires to spread out. Melted lead or low fusion point 
white metal is then poured into the socket, using clay around 
the bottom to prevent the molten metal from running out, 
and the joint is complete. The finished joint has the appear¬ 
ance indicated in Fig. 209. 
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Strength of Steel Cable Joints. 

ExoejDt in the case of very small htind-spliced cables joints 
and extra flexible cable joints the efficiencies of spliced joints 





Jb'io. 208. 


Cl-o, 


Ob..- 


Pia. 20!). 


vary from 90 to 100 per cent. The fracture of tested s])lieed 
cables usually occurs at the last tuck in the splice, and very 
seldom around the thimble. The efficiency of properly looped 
and soldered cable ends is almost invariably 100 per cent. The 
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TABLE CXV. 

Breaking Loads and Efficiencies of Cable Joints. 


Type of Joint. I 

j 

i 

Vahlf,. 

1 0.. 

1 nifter, j 
i/Dc/ir.?. 

1 

1 

lireak’ing 
Load 
of Cable, 
rounds. 

Breaking 
Load 
of Joint, 
Pounds. 

Ef. 

vieney 

per 

Cent. 

Hand - splicod;' 

\ lloeblings'’ single / 

i 

r>oo 

500 

100 

over and under; 

i strand l5) wirej 

J 

2100 

2000 

98-2 

tfiiniblo in oich 

! (g a 1 V a n i /. ed). 1 


4000 

4180 

lH-0 

end. 

[ Aviation* type \ 


8000 

7200 

00-0 

Hand - .sj)liee(l. 

• Roebhngs. Seven { 


2000 

1000 i 

80*0 

over and under; 

1 stranils of Itl 

. 1 

4200 

2500 

82-5 

thiinhlo in each 

i wires e a c h 


701 M> 

0(K)0 j 

80-0 

end. 

j I’iiiiumI. Avia- 


!(8II0 

H200 

83 5 


j tion type { 

,1 

« 

14.4()(» 

12,000 1 

83-5 




fFH) I 

500 

100 




780 , 

780 j 

100 

Loojied and sold- 

lloebling.s’ single 


1100 1 

1100 

100 

ered joint. 

1 strand of 10 

•'i 

iboo 

1000 

100 

Length of lap—20 

wiri's (galvau-N 

1 

2100 

2100 

100 

tunes diameter 

izod). Aviation 


:i2oo 

2200 

100 

ol cable. 

lyijc. 


4000 ' 

4000 

100 




(>100 ; 

01(H) 

100 


' 

1 

8000 1 

80t)0 

100 


TABLE CXVl. 

'I’ensile Strenoths of Drawn Wires of Different 
Materiu.s. 


Matenal, 


Ten.'<ilt> Strength, 
Tuh.h per t^ipturc huh 



.-I.v l>/au:n. 

.■\nne,aled. 

Iron 

20 to 40 

20 to 30 

Bessemer steel (mild) 

.. : 40 to 50 

25 to 25 

Sicmons-Martm .steel (mild) 

. . ; 55 to 65 

30 to 50 

High carbon Siemens-Martin steel 

50 to 80 

_ 

Oruoiblo cast steel (plough) 

.. ' 100 to 160 

40 to 60 

High nickel steel (28 per cent.) (,'^ 
diameter) 

inch 90 

40 to 45 

Copper 

26 to 30 

15 to 18 

Phosphor bronze .. 

45 to 75 

23 to 30 

Delta metal 

45 to 65 

35 to 40 

Silicium bronze 

28 to 50 

— 

Brass wire* 

20 to 40 

10 to 15 

Aluminium wire .. 

10 to 15 

7 to 10 


* The tensile strength increases with the percentage oi ziri. 
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TABLE CXVII. 

Strengths of Wires of Various Materials. (Unwin.) 
(Actual test results.) 


Material and Condition. I 

Dia- 
meter 
Te.-ted, 
Inches. | 

Tensile 
Stren/jlh. 
Tons per 
Square 
Inch. 

Elonga¬ 

tion 

per Cent. 

on 8 
Inches. 

Authority. 

Copper wire, annealed 

0-32 

14*7 . 

39*8 

Schule and Brunner 

Copper wire, annealed 

0-14 

15*0 

38*4 

»» j* 

Copper wire, annealed ^ 

OK) 

15*7 

35*9 

>> 

Copper wire, annealed 

O-OH 

KM 

35*7 

»» ,, 

Copper wire, annealed 
Cojiper wire, half-hard 

0-04 

15*9 

33*8 


0*32 

19*3 

11*2 

,, 

Copper wire, half-hard 

0-24 

20*0 

7*1 

,, ,, 

Copper wire, half-hard 

Old 

21*7 

4*7 

,, ,, 

Copper wire, half-hard 

0'08 

23*9 

1*7 


Copper wire, half-hard 

0*04 

22*2 

1*4 

,, 

(Jopper wire, hard drawn 

0*32 

24*0 

2*9 


Copper wire, hard drawn 

0*24 

24*8 

2*5 


Copper wire, hartl drawn 

016 

20*6 

2*0 


Copper wire, hard drawn 
(!oppcr wire, hard drawn 

0-08 

28*3 

1*2 

,, ,, 

0-04 

25*7 

0*9 

11 1* 

Bra.ss wire 

0*193 

25*23 

25*5 

Unwin 

Black cast steel rod .. 

0*191 

02*04 

4*12 

•1 

Black cast steel rod .. 

0*191 

02*44 

, 5*70 

i 11 

(Jdding metal (no tin).. 

0*249 

20*17 

0*25 

,, 

(iilding metal (no tin).. 

0*249 

20*62 

8*7 

1 

8oft German silver 

0*2()7 

29*89 

; 47*0 

' 11 

Soft German silver 

0*207 

29*10 

' 47*7 

,, 

Siliciurn bronze 

0*080 

. 27*5 

' 1*5 

Krcecc. 

vSilicium bronze 

0*03() 

50*0 

nil 

,, 

Delta metal (drawn) .. 

0*115 

' 58*2 

2*1* 

Fairfield Co. 

Delta metal (annealed) 

0*115 

38*7 

27*0* 



principal objections to this form of joint arc the corrosive 
action within the strands of the flux, and the abrupt change 
from flexible to solid soldered joint, which weakens the joint 
when subject to bending action. 

Table CXV. on p. 477 gives .some typical test figuresf for 
different cable end joints. 

* In 6 inches. 

I National Advisory Commit*ee for Aeronautics, Report No. 3, 1915 
Washington. 







CHAPTER VIII 

THE TREATMENT OF FERROUS MATERIALS 


Referknce has already been made in the two previous 
chapters to the ellects upon the properties of iron and steel 
of meehanieal and tlierinal treatments, and a good idea of the 
results of forging, drawing, rolling, hammering, hardening, and 
tempering processes should have been already obtained 

It is proposed in the present chapter to deal, in as brief a 
manner as possible, with the commercial ))rocesses, to which 
ferrous materials are subjected, in connexion with their 
applications to engineering jiurposes, as distinct from metal¬ 
lurgical processes, which are outside of the scope of a work 
of the present nature. 

There are two distinct methods of treating steels* in com 
raercial work---namely, the mechanical and the thermal, or 
heat treatment ones; these will be considered separately. 

Mechanical Treatment. 

This term includes the processes of hand and drop forging, 
cold and hot stamping, pressing, rolling, drawing, extruding, 
bending, and similar processes. 

Forging. 

The process of hand forging consists in shaping the material 
in the pla,stic or semi-molten state, by means of special tools 
such as hammers, sets, snaps, etc., by hand. 

This process is employed for small quantity work, for repairs, 
and for verj' large forgings, such as those employed for large 
crank-shafts, connecting rods, guns, and the like; in the latter 


The term “ steel” is hero employed in the same sense as “iron.” 
479 
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oases, power hammers, either steam, pneumatic, electrical, 
or mechanical, are employed, but the actual shaping of the 
object is controlled by hand. 

Hand forging netossitates considerable experience and skill 
on the part of the individual, and a thorough knowledge of 
the properties of the steel employed; for example, it is neces¬ 
sary to know' the correct forging temperature, and the .subse¬ 
quent heat treatment for the particular steel employed. 

Effect of Forging upon the Structure. 

Tn the case of low carbon .steels consisting of hard pearlit(! 
crystals with the soft ductile ferrite, or iron crystals, the effect 



Fio. 210. —Microcbaph of Steel in the Cast Condition. 

of forging, or doing mechanical work upon the material whilst 
hot, is to break up the crystals and to compress the cementing 
material; this effect is known as refining the structure, and 
may be clearly recognized from micrographs of steel before 
and after forging. The effect of forging may be roughly com¬ 
pared with that of hardening mild steel to a certain extent. 
Forging, at suitably high temperatures, is also favourable to 
crystal growth, but the temperature must not be allowed to 
fall below the recalescent point, at which temperature crystal 
growth ceaises, otherwise the material becomes injured, 
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Figs. 210 and 211 .show tho effect of forging upon the struc¬ 
ture of steel in the initially cast condition. 

Drop Forging.* 

This ])rocess consists in making the seini-niolten, or hot and 
pla.stic material, flow under pressure or repeated hammer 
blows into the cavities formed in one or a pair of strong nuita! 
moulds, or dies. The process may be termed one of plastic 
deformation of steel. 

Tho process, which yields results similar to those obtained 
by the casting method, posse.sses tin; advantages of yielding 
more homogeneous forgings, which may be made much stronger 



Fig. 211.— MicuoaRArii of Same Steel after Forgi.nu 

than any castings, and more accurate to shape, so that little, if 
any, machining is neces.sary, except for the faced or machined 
surfaces, holes, etc. 

Moreover, the grain of the metal can be arranged to flow or 
run in the directions most advantageous from the point of view 
of strength ;f for example, in the case of a gear-blank cut from 

* An excellent, paper entitled “ Drop Forging and the Automobile In¬ 
dustry,” by A. Stubbs, is given in the Proc. Inst. Ant. Engrs., May, 1916 
A1.SO vide ‘‘Shells and the Plastic Deformation of Steel,” the Library Press, 
Ltd., 1919. t See Figs. 150 to 153. 
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the solid bar, the teeth possess a fibrous structure parallel to 
the axis of the bar, whereas in the ease of a drop forged blank, 
the fibre can be arranged so as to be radial. 

Owing to the labour and expense itu'urred in making the 
nee(^ssary dies for drop forgings, the process does not pay, 



except in th(^ case of very simple objects, unless the quantities 
required are large; for ej<amplc, in the case of certain auto¬ 
mobile parts, in which great strength is not of primary import¬ 
ance, it is usually better to employ hand forgings or castings 
for quantities below from 50 to 100, as the cost of the dies 
would otherwise outweigh the other advantages- 
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Drop forgings can bo jn'oducod in fairly ooinplicatod slia])o,s, 
as shown in Figs. 312 and 213, from carbon stools eontaining 
a carbon content up to about 0-75, and from alloy stools* such 
as nickel, nickel-chromc, and cliromo-vanadinm .stools: tensile 
.strengths np to 120 tons per .square inch, uitli a corresponding 



elastic limit of about 100 tons per .square inch, can bo obtained 
by suitabh' lu'at treatment of the t*wo latter st(a‘ls. In general, 
the softer the stool, the more easily can drop forgings ho made 
from it. 


for the propertie.s of such steels .see Chapter VI. 
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It is possible to produce drop forgings to a tolerance of 
inch, in ordinary oonimercial work, and by careful forging and 
subsequent restriking in medium sizes, to obtain an accuracy 
within from 5 to 10 thousandths of an inch; for very accurate 
work multiple dies are employed, one set for roughing out, 
another for part-finishing, and a third for fine-finishing. 

Materials for Drop Forging. 

The principal steels employed for'automobile and aircraft 
drop forgings are as follows—namely, (a) Mild-steels, from 
0-10 to 0-25 per cent, carbon, [b) Medium carbon steels, 
from 0-30 to O-.'iO per cent, carbon, (c) High carbon steels, 
from 0-5 to 0-8 per cent, carbon, (d) Nickel steels, low carbon, 
or case-hardening, and medium carbon nickel steels requiring 
subsequent heat treatment, (e) Nickel-chrome steels, with 
low chromium and nickel contents (analogous to low nickel 
steels) and with high chromium and nickel contents (air¬ 
hardening, high tensile steels). (/) Chrome-vanadium steels. 

The mild steels employed should be made by the Siemens 
acid process and not by the basic process; they are employed 
for inexpensive lightly loaded parts and for case-hardened 
parts. These steels are very easy to drop forge, and give good 
impressions from the dies. 

Medium carbon steels, made by the Siemens acid ])rocess, 
are employc'd for parts requiring “ toughening,” and which do 
not have to withstand heavy loads; these steels jiossess the 
))roperties of " 40 ton ” steel, and they can be readily 
machined. 

It is possible to drop forge higher carbon steels (up to 1 -0 per 
‘cent, carbon), but these steels are rarely employed in automo¬ 
bile work, and moreover are difficult to handle. 

Nickel and nickel-chrome high tensile steels require special 
care in heating and forging, but yield exceedingly strong and 
light parts; unless, howev^sr, great care is taken, unsound 
forgings are liable to result, possessing surface defects such as 
“roakes”; these steels necessitate very strong dies, and even 
then the dies require more frequent replacement than when 
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used for the softer steels. There is no difficulty in droji forging 
the low carbon, low nickel steels, for cascehardening purposivs, 
but the low carbon 5 per cent, nickel steel requires very 
careful handling for forging. 

It is possible to drop forge some of the air-hardening nickel- 
chrome steels, but comsiderablo care, combined with an experi¬ 
ence of the suitability of these steeks for particular parts, is 



I’lU. 214. —ICLUSTIIATINTI Tb.ST.S TO UesTRUCTION OK Drop foiiaiNUS. 


necessary; these stools aro suitable for gear-blanks. Fig. 215’''' 
shows the results of cold bending tests upon nickel steel petrol 
engine connecting-rod drop forgings in the, forged state, ami 
Fig. 214 the results of destruction tests of stamped and forged 
automobile parts made by Messrst Vickers, Ltd. 

Chrome-vanadium steel possesses the advantages over nickel 
and nickel-chrome steels in that it is much easier to drop 

* By courtesy of A. Stubb.s and the Inst, of Autom. Engrs. 
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\ 

forge, but will give almost identical mechanical strength 
results, although its hardness properties are somew'hat lower. 
These steels can also be much more readily machined. 

Chromo-vanadium sti'cls are particularly well suited to parts 
which require drop forging, and which must possess groat 
shock resistance qualities, combined with high tensile strength. 
Many modern automobile parts are made from these steels. 

Drop forgings from all steels must be carefully annealed 
after the stamping jiroccess, in order to relieve internal stresses, 
and to promote uniformity of structure 



Fia. 215. -Tests to JJestkuction of Nickee Steel JjKor Fokoikos. 


Dies for Drop Forgings. 

The preparation of the dies requires special skill in order 
that the impressions obtained may be accurate; dies are some¬ 
times cut by hand for small parts, but, wherever possible, dies 
should be machined in vertical millers, profiling, and similar 
machines, with the minimum of hand finishing work. 

When the dies have been made, lead impressions are taken 
by running in molten lead, and the results are compared with 
the drawings; it is an advantage to prepare a wooden pattern 
of the finished object, to aid the die-sinker in making his dies. 
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TABLE CXVIir. 

Propehtiks of T)ROP-FORaiNG Steels. (Stubbs.) 


Male> idl. 

ComlUion. 

Klastir 
Limit, 
Tons per 
Sqttaie 
Inch. 

Tensile 
Strength, 
Tons per 
Square 
Inch. 

Perceni- 

age 

Elonga¬ 
tion in 

2* 

Inches. 

Reduc¬ 
tion of 
A rea 
per 
Cent. 

Mild steel (Siernoivs) 

As forged 

14 to 18 

24 to 22 

30 to 25 


Medium carbon steel 

Heat-treated (1) 

2.0 

40 

20 

40 

(Siemens) |0*30 to 
0-50 C.] 

Ditto 

Heat-treated (2) 

.30 

oO 

15 

3.-> 

High carbon steel 

As forged 

30 

54 

10 

25 

[0-50 to 0-80 il] 

Nickel SleeU. 

3 per cent, nickel, 0*3 

Normal slate 

27 to 30 

40 to 45 

28 to 25 

55 to 50 

to 0-4 C. 

Ditto 

Hc'at-treated 

.o3 to .78 

00 to 05 

20 to 17 

50 to 45 

o per cent, nickel, 0*3 

Normal state 

33 

50 

22 

45 

to 0-4 (J. 

Ditto 

Hfhat-trealed 

70 

SO 

12 

35 

Nirkel-Ckrome ^bVep/.v. 
Nickol-chroino steel.. 

Normal state 

30 to 40 

45 to 50 

25 to 22 

00 to 55 

Ditto 

Heiit-treate<l{a) 

IS to 77 

55 to 85 

2.3 to 14 

00 to 50 

Ditto 

Heal -treatc'd (6) 

80 to 110 

,)0 to 120 

14 to 12 

.50 to 35 

CkrOiDi’- Vanadium 
Steels. 

0‘3o per cent, carbon; 

Normal state 

2o to 35 

to 52 

25 to 20 

55 to 50 

1*2 per cent, chro¬ 
mium; ()• l() percent, 
vanadiiiin 

Ditto 

Heat-treated 

55 to 05 

00 to 72 

20 to 10 

.50 to 45 

Air-hardenimj Nickel- 
Chrome Steeds. 

()'35 per cent, carbon; 

Anmvik'd* 

23 

34 

24 

40 

DOO percent.nickel; 
0*50 per cent, chro¬ 
mium; 0*40 percent, 
manganese 

Ditto 

Hardenedf 

50 

58 

17 

'45 


Fig. 21()J show.s some tyi^ical forging and trimming dies to¬ 
gether with a specimen finished. ^ 

The amount of taper, or draft, allowed varies from about 
5 to 7 degrees, but will be greater for deeper forgings and for 

* Brinell No. = 180 to 200. t Brinell No. = 210 to 200 

J Courtesy of the Inst, of Autom. Engrs. 
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alloy steels. The amount of contraction allowed depends 
upon the shape and size of the forging and upon the forging 
heat; the average allowance is about inch per foot. 

It is usual to allow from inch to J inch for the “hn,” or 
thickness of metal between the two dies, due to the flow of 
wa.ste metal, but in the case of large and deep forgings the dies 
should be well guttered, in order to prevent choking and to 
facilitate the proper flow into all parts of the dies. 

Small dies, wlnm made in carbon 6r alloy steels, are carefully 
hardened before use, but in the case of large dies this treatment 
is often omitted owing to the risks of fracture. 



FlU. 210.—FollOlNU AND TlilMMING i)lES. {A. SlUBIiS.) 


It is essential during the forging process to keep the surfaces 
of the dies both cool and clear; this is usually^ accomplished 
by employing an air blast, and by employing a swab, or 
brush, in the forging intervals. 

Oil is used to prevent the forged part from sticking in the 
die. The fins left on drop forgings, duo to the die clearances, 
are cut off in a special trimming punch, using suitable dies. 

The materials employe4 for the dies are cast iron (for fairly 
large and plain parts in iron or soft steel), Bessemer steel (for 
small quantity production of large and simple parts), high- 
grade Siemens acid steel (for tough dies for most general 
purposes), cast crucible steel (for small articles required in 
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large quantities, and for high carbon and alloy steel drop 
forgings). Occasionally nickel steels hav^e been einplojxd tor 
very tough drop forgings. 

The composition of one of the widely used Siemens acid 
steel for dies is as follows: 

(Carbon .. .. .. . .. . 0'(tr> |)CT*cent. 

Maiif^anoso .. ., . , .. .. 0*fi0 ,, 

Siltoon . . , .. . . , . .. 0'04,a 

Sulphur . .. .. .. (t-Oap ,, 

PhoHphonis . . . . . . .. ., e-02.5 ,, 

It IS not po.s.sible to dwi'll at any greater length ujjon the 
subject of drop forging, but for fuller information tin' reader 
is referred to the sourtavs mentioned in the footnote on p. 481. 
Ajiart from tlu^ employment of drop forgings for motor-car 
parts, petrol engitx' parts, such as crank-shafts, connecting 
rods, valves, etc., these forgings are very suitable for quantity 
production of parts such as bolts, nuts, pins, eye-bolts, forked- 
ends, spanners, machine handles, tap-keys, hooks, lathe- 
carriers, and similar objects. 

Stampings and Forgings in Other Materials. 

It is also possible to stamp and forge other non-ferrous metals, 
such as the malleable bronzes, brasses, co])j)er, Delta metal, 
and otlu'r metals, and for fairly simple parts, such stampings 
or forgings are almost equal to die-castings, and can be made 
much stronger. One firm has solved the problem of utilizing 
the “ swarf ” or waste material from the brass industry, and 
has produced stampings such as time fuses, butterfly nuts, 
unions, nipples, and a varietj' of other shapes therefrom. 

Each particular material requires its owm special conditions 
of heat treatment, temperature of forging, etc.; these condi-. 
tions are referred to in the second volume of this work, 
dealing with the materials in question. 

Normalizing Steel. 

The processes of normalizing and annealing steel are to a 
certain extent similar in operation and in results, but in the 
former process, the temperature is usually higher than in the 
latter. 
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Normalizing consists in heating the steel to a temperature 
above the Acj point and allowing it to cool slowly in still air; 
the process is employed not only for removing rolling, forging, 
and general mechanical treatment strains, but also to refine 
the structure and to present the material in the most suitable 
form for machining or hardening. 


TABLE 0X1X. 

Effect of Annealing and Normalizing Carbon Steel 
Kollbd Bars. (Harbord.) 


Type of Steel avd Conditio?}. 

0*13 per cent, carbon 

As rolled 

Annealed at 720^^ (J. 
Annealed at 800'^ ( ^ 
Normalized at 900® C. 
Annealed at 720® C. 

Period 

of 

A n neal- 
tng. 
Hours. 

i 

i 

i 

12 

Point, 

Tons 

per 

Squaie 

Inch. 

11-34 
10*20 
13*00 
11*60 

Tensile 

Strength, 

Tons 

per 

Squat e 
Inch. 

30*20 

20*10 

20*10 

21*50 

20*00 

Elonga¬ 

tion 

per 

Cc 11 (. 
tn 2 
/ nche'-^. 

20*0 

44*5 

4(90 

45*0 

42*5 

lieduc- 

tion 

of Area 
per 
Cent. 

34*7 

73*20 

71*10 

71*10 

73*20 

0*25 per cent, carbon 

As rolled 

Annealed at 620® C. 
Annealed at 720® 0. 
Annealed at 800® 

Normalized at 000® C. 
Normalized at IlOO® C. 
Annealed at 620® C. 
Annealed at 720® C. 
Annealed at 900® i'. 

1 

1 

L- 

12 

12 

27*80 

18*24 

19*40 

17*28 

15*30 

14*3 

15*8 

25*1 

33*2 

34*5 

28*8 

29*4 

29*4 

28*1 

26*8 

28*2 

29-5 

12-7 

24*0 

32*5 

29*5 

32*5 

33*5 

32*5 

31*0 

29*0 

25*3 

55*0 

()2*0 

58*0 

54*8 

54*7 

71*4 

57*3 

57*5 

0*47 per cent carbon 






As rolled 

— 

— 

37*0 

6*25 

18*70 

Annealed at 020® C. 

4 

27*8 

37*0 

24*0 

49*7 

Annealed at 800® C. 

1 

18*7 

33*0 

27*5 

45*0 

Normalized at 900® C. 

h 

18*0 

32*4 

28*0 

40*2 

Normalized at 1100® C. .. 

4 

14*3 

31*4 

27*0 

40*4 

.Annealed at 020® 0. 

12 

21*1 

32*0 

33*0 

57*0 

Annealed at 900® C. 

12 

25*6 

29*9 

30*0 

43*5 

Annealed at 1200® C. 

12 

23*8 

29*1 

10*0 

38*8 

0*72 per cent, carbon ; 






As rolled 

1 


49*0 

11*72 

3*43 

Annealed at 620® C. 

i 

:ii-7 

50*2 

20*5 

33*5 

Annealed at 800® C. 

: ■ i 

— 

42*5 

17*7 

31*7 

Normalized at 900° 0. 

* 

... 

43*2 

10*5 

25*8 

Normalized at 1100® C. .. 

i 

— 

42*4 

14*0 

17*2 

Annealed at 620® C. 

12 

2M 

40*6 

29*5 

46*5 

Annealed at 900® C. 

12 

38-7 

43*7 

12*5 

14*0 

Annealed at 1200® C. 

12 

20-9 

40*2 

11*0 

11*3 


i 
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The following is the Engineering Standards Committee’s 
definition of normalizing: “ Normalizing means heating a steel 
(however previously treated) to a temperature exceeding its 
upper critical range and allowing it to cool freely in the air 
The temperature shall be maintained for about 15 minutes, and 
shall not exceed the upper limit of the critical rangQ by more 
than 50" Centigrade.” 

The properties of steels in the normalized condition are 
given in Chapter VI., but Tables CXIX. and CXX. show the 
b(!nefieial efft'ct of normalizing rolled carbon and alloy steels. 

TABLE CXX. 

Effect of Nobmaeizino Rolled Alloy Steels. 


MahruU. 


Low carbon 3 iior 
cent, nickol stcol 
{case-Iiardcning} 
Medium carbon 3 jicr 
cent, nickel steel 
Medium carbon 5 ])er 
cent, nickel steel 
High nickel-clironio 
steel 

3 jier cent, nickel- 
chrome, medium 
carbon content 
steel 

Higher carbon nickel- 
chrome steel 


Condition. \ 

Elastic' 
Linul, 
Tons 
per 1 
Square \ 
Inch. , 

Tensile 

Strength, 

Tons 

per 

Square 

Inch. 

1 

! Klon- 
rjation 

1 per 
Cent, 
in 2 
Inches. 

Reduc¬ 

tion 

of 

Area 

per 

Cent. 

Br in cl 
Hard¬ 
ness. 

il 

Aa rolled ! 

2 n-r< 


3S-5 

.7:)-o 

199 

j 

j formalized ' 

21 -.S 

32-r> ' 

33-0 

90-0 j 

— 

1 

1 As rolled 

29-5 

41-fl 

30-5 

flO-l 

217 


1 Normalized 

22-0 

3«-8 

2'J-O 

51-0 

— 

1 

1 As rolled ! 


4r>* 1 

32-r> 

44-6 

202 

j 

f Normalized , 

30-5 i 

45-1 

24-0 

29-2 


|l 

1 As rolled i 

fibd) ' 

7.7-1 

(1-0 

8-7 

— 

(J 

1 Normalized 

07-2 

83-0 

14-0 

38-0 

304 

1 

1 As rolled 

(i0‘l 1 

7(1-9 

9-0 

lS-4 

_ 

1 

1 Normalized 

ti7-8 

7 H-8 

13-0 

35-9 

340 

1 

1 As rolled 

57-0 

75-1 

8-0 

l()-2 

_ 

J 

1 Normalized 

77-.'i 

85-4 

5-5 

14-8 

304 









Annealing. 

The process of annealing is usually understood to mean the 
reheating of a steel after mechanical treatment to a tempera¬ 
ture depending upon the nature of the steel, but usually just 
below the critical point, tollowed by a slow cooling in free air 
or a badly conducting medium. Annealing usually occupies a 


♦ Messrs. Sandersons and Newbould’s steels. 
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much longer period of time than normalizing, and in many 
cases is a more elaborate process. 

The following is the Engineering Standards Committee’s 
definition of the term “annealing”: “Annealing means re¬ 
heating followed by slow cooling. Its purposes may be: 

“ (a) To remove internal .stresses or to induce softness, in 
which case the maximum temperature may be arbitrarily 
chosen. (6) To refine the crystalline structure in addition to 
the above (n), in which case the temperature must exceed the 
upper critical range as in normalizing.” 

All metal parts which have been subjected to forging, 
stamping, rolling, and similar mechanical treatment should be 
annealed; micrographs of similar steels before and after such 
annealing reveal the beneficial effects as shown by the more 
uniform and finer grain or crystalline structure. 

Figs. 135 and 145 show the effect of annealing in the case 
of air-hardening nickel-chrome steel, whilst Figs. 166 and 107 
show the beneficial effect upon the structure of annealing steel 
castings. 

The material in the annealed* state is in its most ductile and 
workable condition, and its tensile strength and hardness are 
at their minimum values; the itiaterial should therefore be 
machined in the annealed state. 

Annealing Processes. 

The objects to be annealed should be slowly heated up in a 
closed-in furnace or muffle, free from draughts, until the correct 
annealing temperature is attained (which is usually just below 
the critical point), when the temperature should be kept uni¬ 
form for several hours, the exact time depending upon the size 
and material of the object. 

Small low carbon steel objects when annealed in a box 
take from one to three hours; large alloy steel articles from 
three to eight hours. 

At the termination of the annealing period, the objects should 
be allowed to cool down very slowly either by (a) shutting 

* For test results upon annealed materials see Chapters V. and VI. 
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off the furnace heat supply, and allowing the whole to cool 
naturally; or (b) burying the objects taken froni the furnace 
in fine ashes, dry sand, sawdust, or lime, and allowing them to 
cool. 

Method (a) is the better, when it can be conveniently em¬ 
ployed, as it excludes the possibility of too rapid initi)\l cooling 
and of uneven cooling due to draughts when withdrawing 
from the furnace to the cooling nualium as in case (6). 

It is of great importance not to heat the steel to too high a 
temperature, or too rapidly, otherwise the grain wilt be found 
to be coarse. 

The period retiuired for annealing steel castings* usually 
varies from 10 to 32 hours, and for malleable iron from 60 to 
120 hours, the temperature of annealing being 900° to 9i)0° C. 
for the Reaniur process, and 800° to 800° (.'. for the black-heart 
typo of malleable iron. 

Box Annealing. 

The better method of annealing small and medium .steel 
objeets is known as the “ box annealing ” method, in which 
the ])arts are [)laced in a steel plate, or cast-iron bo.\, lined with 
firebrick, and the whole gradually heat('d to the annealing 
temperature, and after the stipulated period allowed to slowly 
cool. 

In all oases of annealing steel objeets, care should be taken 
to prevent the access of air to the heated parts, otherwise 
surface oxidation or decarbonization will occur. In box 
annealing, the edges and openings of the box should bo filled 
up w'ith fireclay, and in many cases it has been found advanta¬ 
geous to fill the empty space in the annealing box with sand, 
fireclay, slaked lime, fine ashes, or charcoal; alternatively a 
little ro.sin placed in the box is effective, and the other materials 
mentioned need not be used. 

When using cast-iron boxes it ix essential to prevent the 
steel objects from coming into direct contact with the sides of 
the box, as cast iron has a great affinity for carbon, and will 

• For fuller particulars, see p. 336 et seq 
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therefore tend to decarbonize the steel; where such boxes are 
used, a layer of charcoal or linie, or a lining of fii;obrioks, must 
be used. 

A quick annealing process consists in heating the steel to a 
red heat (750° to 800° C.) an hour or so, then placing it in dry 
sand, lime, sawdust, or lino ashes, well covering it, and allowing 
it to cool slowly. 

Many objects can bo conveniently annealed by heating them 
in a lead bath,* and allowing them to cool in sawdust. 


Handling o! Heated Objects. 

When heated objects are removed from the hardening or 
annealing ovens, they should be gripped with heated tomjs, 
otherwise local cracks and hardness variations are apt to occur; 
the tongs, or grips, should be heated at least to a black heat 
(350° to 400° C.). 

TABLE CXXI. 

Annealing Temperatures for Tool Steels. 


Type of Steel. 

'Temperature 
of Aiitiealiuy. 

Period. 

Remarks. 


° Cent. 

“ Ta/i. 

Hours. 


No. 1 temper, per cent. 

720 

1828 

1 to 4 

4'ho.se temperatures 

carbon 




should not bcoxceeded, 

No. 2 temper, per cent. 

■ 72(t 

i:l28 

1 to 4 

and tools should be 

carbon 

No. 3 temper, IJ- per cent. 

720 

1328 

1 to 4 

box annf'aled. 

carbon 

No. 4 temper, 1 per cent. 

720 

i:i2s 

1 t.) 4 


carbon 

No. 5 temper, | per cent. 

7of) 

1382 

1 to 4 


carbon 

No. i\ temper, ^ per cent. 

770 

1418 

1 to 4 


carbon 





Iltyh-Speed Tool Steel. 





Tungsten 8 to 18 per cent. 
Chromium 4 to per 

870 

1000 

2 to 3 

Ifeat slowly so that tools 


to 


take from 1 to 2 hours 

cent. 


1700 


to attain annealing 

Carbon 1*8 to 0*7 per cent. 

928 

1«00 

2 to 3 

temperature, then keep 

Vanadium 0 to *0*29 per 


to 


at same for 2 to 3 hours, 

cent. 


1700 


and allow to cool in 
furnace, or bury in 
sawdust, lime, dry 
sand, etc. 


The same precautions must be taken as those mentioned on p. 510. 
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Annealing Tool Steels. 

Table (!XXI. shows the temperatures recommended for 
the annealing temperatures of typical carbon and high-speed 
tool steels. 

Annealing of Cast Iron. 


The msultH shown graphically in Fig. 217 illustrate the effect 
of annealing east iron, such as that used for petrol engine 



Fill. 217. —Anne.iung Tempehatuees and Mechanical Pboperties of 
Oast Ihon for Automobile Work. 


piston.s, at diilerent temperatures.* Apart from the beneficial 
eiTccts of annealing, in removing casting stresses, and in improv¬ 
ing the structure, it will be seen that up to about 500° C. there 
is practically the same tensile strength and hardness, but that 


* R. T. Rolfe, Aeron. Journ., 1917. 
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the impact value is markedly affected. Annealing from above 
about 600“ C. the strength and hardness arc seriously dimin¬ 
ished. 

Local Annealing of Hardened Farts. 

Hardened steel parts, such as case-hardened articles, 
Harveyized* nickel or carbon steel plate, etc., may be softened 
locally by heating the place with an electric are, or oxy- 
hydrogen flame. 

Armour plates with chilled surfaces are softened in this way 
for drilling purj)ose.s. 

The subject of local annealing is somewhat allied to that of 
local hardening; methods of local hardening case-hardening 
steels are considered at the end of this chapter. 

The Hardening of Steels. 

The eff('cts upon the mechanical properties of carbon and 
alloy steels of specified hardening processes have, been con¬ 
sidered in some detail in (lhapters V. and Vf., whilst the 
effects of hardening upon the micro-structure, and the con¬ 
stituents of steels, has been referred to in (lha])t('i' IV. 

By hardening is meant the process of heating a steel above 
its critical point and allowing it to cool at a given more or 
less rapid rate; in general, the quicker the cooling the harder 
and more brittle will the material become, and the slower the 
cooling the softer and more ductile will it become. 

The following is the Engineering (Standards Committee’s 
definition of hardening : Hardening means heating a steel 
to its normalizing temperature and cooling more or less 
rapidly in a suitable medium—water, oil, and air. 

Theory of Hardening. 

The effects of quenching or rapid cooling of carbon and alloy 
steels have been alluded to'in Chapter IV., and the results may 

* The process of Harveyizing steel plate consists in covering it with 
carbonaceous material and heating to 850"^ to 950® for about 120 hours, 
followed by water jet quenching. 
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be briefly amnmarized in stating that the effect of quenching 
or rapidly cooling steel from a temperature above the critical 
points (Ar^, Arj, and Ar^) is to arrest the transitional products 
or to retain the solid solution state,* so that in the case of 
medium and high carbon steels instead of allowing ferrite and 
poarlite to remain, other constituents such as^rngirtensite, 
austenite, troosite, etc., are obtained. When steel exists in the 
quenched state, the presence of these constituents increases 
the tensile, compressive, shear and yield strengths, and also 
the hardness, but in general tends to reduce the elongation or 
decrease the ductility. 

fn the case of carbon steel containing from 0'3 to 0-4 per 
cent, of carbon, it is necessary, not only to raise the tempera¬ 
ture to the (loint at which the solid solution areas are formed, 
but also to ensure that the temperature is high enough to cause 
the ferrite to disappear, or to dissolve in the solid solution. 
Figs. 135, 145, 164, 165,176, and 177 showthe effects of harden¬ 
ing upon the structure of steel. 

The correct temperature for hardening, or rather quenching, 
then, is that at which there is a homogeneous solid solution; 
this temperature is about 800° to 850° 0. for the steels men¬ 
tioned, but the true temperature for any steel depends upon 
the critical or change jioints. Particulars of hardening 
tein])eratures for special steels are usually sup 2 )lied by the 
manufacturers. 

The effect upon the constitutions of carbon steels ranging 
from O'OO uji to 2-5 per cent, carbon content, of quenching 
from, or above the Arj, Ar^, and Ar^ jioints, is shown in Table 
OXXII. In all cases the quenching was drastic, that is to say, 
the cooling was very rapid. 

fn the case of mild steel (0-09 carbon), the effect of lowering 
the quenching temperature from above Arj to below Ar^ is to 
jirogressivcly reduce the amount of martensite, and to increase 
the ferrite content. , 

With high carbon steels there is no ferrite present at all. 

♦ See Fig. 144. 


;!2 
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I—I 

XI 

X 


o 



H 



Note .—The constituents are expressed ui terms of volumes, the total volume in each case being unity. 
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Efiect of Initial Temperature and Rate of Cooling. 

For any given carbon or alloy steel the degree of hardness 
will depend firstly upon the initial temperature at which 
cooling begins, and secondly upon the actual rate of cooling; 
the effect of the size or mass of the object also has an effect, 
but this will bo considered later. 

The subject of cooling rates was briefly dealt with in 
Chapter IV. and it was shown there that the more rapid the 
cooling the harder became the material. 



100 
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400 
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100 
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Fill. 218.— Bffect of Isiticl 'I’EMrBii.vTUitE, .4ND Oooi.iNO Rate upon 
THE Haedne^s of Chrome Steel. 


Similarly, within certain limits, the higher the initial tempera¬ 
ture at which cooling begins the harder will be the stcd. 

h’ig. 218* illustrates the effects of both of these factors in 
the case of a chromium steel having the following comjiosition: 

Carbon .. .. .. .. .. 0‘ti3 to 0‘fi4 per cent. 

Chromium .. .. .. .. (i* 15 per cent. 

* 

The initial temperatures of cooling ranged from 1200" C. 
down to 836° C., and the rates of cooling from 2 to 20 minutes. 

• “ Tho Hardening and Tempering of Steel,” Prof. C. A. Edwards, 
Engineering, March 8, 1918. 
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The material was heated in the form of 1 inch cubes, in an 
electrical furnace, and then cooled at various rates by placing 
in different parts inside or outside the furnace. 

The maximum hardness was obtained when the steel cube 
was cooled in 2 minutes from 1200° C., and was about 686 on 
the Brinell scale. 

When the cubes were cooled in air in the ordinary way from 
1000° C. the hardness was 642, the specimen taking about 
half an hour to cool in still air upon an asbestos pad. 

The hardness, when the specimen was allowed to cool for 
one hour in the furnace, was 281. 

Heating oi Objects for Hardening. 

It is important for hardening work to be able to obtain an 
uniform temperature in the furnace, to be able to control this 
temperature, and to have proper means for ascertaining the 
correct temperature at the place where the parts are being 
heated. A brief description of suitable nmffles and pyromettrs 
is given later. 

The principle to be adopted in heating u|i objects for harden¬ 
ing is to heat them sufficiently slowly to allow the tempera¬ 
ture to become unifonn throughout the whole mass of the 
objects, otherwise, if heated too (juiekly the surface corners 
and projex;ting parts, such as the teeth of wheels or cutters, 
become overheated, and when subsequently quenched, they 
become brittle and useless. 

Another effect of too rapid heating is to cause the objects 
to warp, or deform, owing to the different temperatures at 
different parts of the objects, causing unequal expansion 
stresses. 

It is also very important to avoid overheating steels of all 
kinds, as this causes oxidizing or “burning,” often with the 
formation of slag or impurities, the strength properties are 
reduced and cracks or oven fractures occur during the quench¬ 
ing operation. 

The fracture of a burnt or overheated steel is white and 
crystalline, more particularly at the surface or edges. If the 
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steel is not at an uniform temperature before quenching, 
it is apt to crack during quenching owing to unequal 
contraction. 

The more intricate the .shape and mas.s distribution of the 
material in an object, the greater is the necessity of employing 
the correct temperatures, heating, and .suitabh^ quenching 
media. 

Small objects can be elTectiveiy heated in a muffle, or 
smith’s furnace by enclosing in a wrought-iron jiipe, closed at 
one end, the ])ipe being repeatedly turned during tlu^ heating 
process to ensure an uniform temperature.* 

Hardening Processes. 

It is only possible to consider a few ty])ical e.xamples of 
hardening processes here, owing to the very large number of 
hardening steels now upon the market, each with its own 
recommended heat treatment. 

The process of hardening consists in slowly and uniformly 
heating the part to a tfunperaturc above the critictal jjointj 
and allowing the whole mass to attain this temperature, after 
which the ]jart is cooled at a more or less rapid rate to a given 
temperature. 

For the maximum hardness the most rapid cooling in a 
low' temperature medium, which can quickly absorb, dissipate, 
or conduct away the heat of the steel part, is necessary; the 
quenching media in such cases are mercury, oil, brine, or 
water at about atmospheric temperature. For example, a 
piece of high carbon, or “ cast steel,” heated to about 800° 0., 
and quickly plunged into a bath of cold water, will attain a 
glass-hardness, and at the same time a high tensile strength 
with low elongation. 

Where the quenching is not required to be so violent, warm ‘ 
water, oil, or brine baths arc employed. 

In some eases the particular steel treated would be too 

* Table No. CXXXIX., p. 556, gives the colours, as seen by the eye, 
corresponding to the different temperatures of heating, forging, hardening, 
and other heating processes. 
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brittle if quenched in the above manner; the air blast is ean- 
ployed in such cases as the cooling medium. 

A rapid cooling effect can be obtained with mercury as the 
quenching medium owing to its high thermal conductivity. 
Very small objects such as watchmakers’ drills are hardened 
by heating to redness and plunging into pitch or scaling wax; 
others are merely waved about in the air to harden. 

Effect of Mass upon Hardness of Objects. 

The effect of “ mass,” that is to say, the bulk or size (jf the 
object to be bardened, has an important bearing iqjon the 
process and the results, for large solid objects when quenched 
cool from the outside inwards at a given rate, whereas in the 
case of small objects of the same material the heat is conducted 
away much more quickly, and the effect of a higher cooling 
rate is obtained. It is therefore more difficult to correctly 
harden large masses, and in many cases the micro-structure 
and meehanii’al properties vary considerably from the outside 
to the centre. 

The effects are most marked for large masses when the 
quenching is most drastic; for example, the results may bo 
quoted of tests’" upon exactly similar steel cubes, each of 18-inch 
side, heated gradually to the same uniform temperature of 
!)00° C. throughout their whole mass, and then allowed to 
cool in the following ways: (a) upon knife-edges in air, (6) by 
plunging in oil, and (c) by plunging in cold water. The air¬ 
cooled cube was found to give uniform strength results through¬ 
out its w'hole mass. 

The oil-cooled cube, which was found to cool fairly rapidly, 
gave a higher tensile strength and lower elongation than in the 
case of the air-cooled one, and these properties were fairly 
uniform throughout the mass. 

The water-quenched cube cooled much more rapidly than 
the other, and the tensile strength and elongation were found 
to vary' considerably from the centre to the outside. It was 
noticed that there was an important difference between the 

♦ The Effect of Mass,” E. E. Law, Proc. Iron and Steel Institute, 1918. 
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cooling in oil and that in water, there being a sudden slowing up 
in the “coolingin oil” case in the lower ranges of temperatures 
as compared with the cooling in water. The time required for 
the centre of the cube to cool from 900° to 540° C. was almost 
the same in both cases, but in the cooling from 540° to 
315° 0. the cube in oil took nearly twice the, time, and from 
315° 0. nearly four timen as long. The differences were oven 
greater for the outside of the cube. 

It should be rememberrvl that with large or complicated 
shapes in which different jiarts cool at different rates, internal 
stresses are very apt to occur, during cooling; in general, and 
as the above results prove, large and intricate parts should 
not l)c quenched in cold water, but in hot water, oil, or air. 
Fragile and large objects are frequently hardened by quenching 
in tallow, brine, or lime, or in warm water first, and finished 
in oil. 

Tools, dies, and parts of complicated shape may be partially 
quenched in water until they have fallen in temperature to a 
black heat, and then plunged into hot water or oil; in this 
manner hardening stresses are avoided, and the risk of distor¬ 
tion mininnzed. 

A method* adopted for hardening milling cutters and 
irregularly shaped articles, which are liable to crack or to 
warp, is to quench in warm water at from 30° to 38° C., or in 
a bath of water with an oil layer on top. 

Hardening of Cast Tool Steels. 

The most suitable temperatures for steels of different carbon- 
content for forging, annealing, and hardening are given in Table 
LX. upon p. 335, and in this connexion it should be empha¬ 
sized that the correct forging temperature for a given steel is 
always higher, by some 70° to 150° C., than the, hardening 
temperature. Tool steels after forging should first bo allow ed 
to cool slowly (or annealed), and then heated up again for 
hardening; they should not be forged and hardened in one 
operation. 


* Mesara. G. P. Wall, Sheffield. 
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Tool steels should be slowly heated up in a closed muffle 
with proper heat regulation means, and should not be heated 
beyond the lowest temperature at which they will harden, 
otherwise the best results will not be obtained. 

After the correct temperature for hardening has been attained 
the ])artB are sometimes withdrawn from the furnace and 
allowed to cool slightly before quenching. 

It is advisable to take the chill off the water before quench¬ 
ing, leaving the water at from 15° to 25° C. for tool steels, and 
during quenching the part should bo moved about in the water 
to promote better cooling. 

Long slender objects, such as tubes* or rods, should be 
quenched in a vertical position in a warm bath. 

Parts having hollow shapes, such as partially drilled obj cots, 
hollow cylindrical shapes with one end closed, hollow milling 
cutters, dies, and similar objects should always be quenched 
with the open side uppermost, in order to allow the steam to 
escape, otherwise it would prevent the hardening medium from 
coming into contact with the hollow ])ortions of the object, and 
cause softnessf there. In the case of objects of varying thick¬ 
nesses, the thickest parts should enter the quenching medium 
first. 

When parts are quenched they should be held, or rather 
moved about, in the liquid, until such time as they arc quite 
cool; they must not be thrown in and allowed to fall to the 
bottom, otherwise the lower surface parts near the bottom will 
not cool as quickly as the other portions, and unequal cooling 
stresses and warping may occur. 

Steel objects having holes in them are apt to crack during 
hardening unless carefully attended to; it is often advisable 
to plug holes which do not rcqidre to be hardened with soft 
iron rod or fireclay. 

The process of hardening requires much skill and experience 
on the part of the individ'aal, but the results obtained are now 
rendered more reliable and uniform by employing proper 

* See also p. 416. 

t This is the principle of a local softening process for hardened parts. 
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thermometric devices for temperature control and measure¬ 
ment. 

Edge or End Hardening. 

In many cases the end of an object only requires to be very 
hard, whilst the body is left more or less soft; oxamj)les are to 
be found in the cases of most cutting tools, knives, lathe and 
machine tools, chisels, and similar objects. 

The method usually employed is to heat the end to be 
hardened to the pro])er hardening temperature, say to a eherry- 
rcd heat (760° C.) and plunge the whole object into a suitable 
cooling medium, the hottest part entering first. The hardness 
will bo found to ])rogressivcly diminish from the edge or end 
inwards. 

By withdrawing when black hot from the quenching liquid 
and quic'kly cleaning with emery paper or bath brick, a series 
of oxide film colours will be seen to be travcllling down the 
object, ranging from a white colour near the end through a 
series of yellow, straw brown, purple, and blue colours; each 
colour corres])onds to a definite t('mpcrature* and if the object 
is quenched when any particular colour is at the edge or end 
the hardness will correspond to the temperature or colour. 

'rhe whitest colour is the liarih'st and strongest, and the 
blue colour corresponds with the softest, most ductile state. 
This process is in reality one of hardening and tempering com¬ 
bined, and the same effect would be obtained by quenching 
right out. and then reheating to the same colour or temperature 
and quenching again. 

Salt Baths for Hardening and Tempering Steel. 

In some cases it is found to bi^ more convenient to heat steel 
obj eets in molten salts, and to temper other steels in such baths. 
Table CXXIII. gives the temperature ranges and applications 
of a few' typical salt baths. , 

It may be hero added that combined hardening and temper¬ 
ing may be accomplished with such baths. 


ScP Table CXXVIII., p. 512 



606 AIRCRAFT AND AUTOMOBILE MATERIALS 
TABLE CXXIII. 

Compositions of Salt Baths fob Heating Steels. 



Composition. 

Ordinary tool .steels, 

750" to 

Biiruiin cldorifle, 3 parts; potassium 

etc. 

850^ (’. 

ehloruh*, 2 parts.* 

High - spet'd steels, 

1050° to 

Chetnically pure barium chloiule. 

etc. 

i:ioo° (;. 

Ordinary steels .. ; 

Below 

Sodium chloride, or a mixture of 

750° C. 

sodium chloride and potassium ehlor- 

Tempering steels . 

Below 

ifle (liquid at 070° C.). 

Equal ])art.s, potas.siuni nitrate and 


580° (;. 

sodium nitrate. 

Tempering. 

The process of tempering, 

t)r fiartially softening, hardened 

objects consists in 

reheating to a la-rtain tlefinito temj)erature 


and qiK'iiching; th(^ highpr the tt'ni[K‘raturps of rehpating, the 
softer will l)e the material, and the more nearly will it approach 
its annealed state. 

The following is the Engineering Standards Committee’s 
definition of temjiering : Temperitig means lieating a steel 
(however proviomsly haiah'tied) to a temperature not exceeding 
its carbon change point with the object of reducing the hard¬ 
ness or increasing the toughnes.s to a greater or less degree. 
The operation may usually be followed either by slow cooling 
or water-cjuenching without materially affecting the final 
result. 

The effect of tempering a hardened steel is to break down 
the hardened state of steel, and to transform the “ hardening ” 
constituents into others corresponding with the softer condi¬ 
tions It should be remembered that the higher the tempering 
temperature, the more unstable become the transition conisti- 
tuents, until at the critical change points complete instability 
or breakdown occurs, leavingjthe metal in its softest condition. 

The following table shows the effect of tempering 1-57 per 

* For lower temperatures the amount of the latter compound should be 
increased. 
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cent, carbon steel at different temperatures, upon the consti¬ 
tution of the metal; it was found that the heating curve of 
this steel showed three accelerations, at 275° C., 400° to 
500° C., and at 610° to 700° C., and the tempering temperatures 
were chosen accordingly: 


TARLE OX XIV. 

Effect of Tbmferino ufok the Oonstltitents of 1-57 
CARBOk Steel. (Osmond.) 


Method of Heat 
Treatment. 

, Tempenmi 
Colour. 

! 

Condition of Stnielute. 

Quonchod from 1050*^ ('. 
ill iccfl water 


j Austomte with smaller amount of 

1 hardeiutf* present as barbed stieaks 
or lamina*, which cannot be 
serateliod with a needle. 

Quonehod from Idod" (', 

l‘uie 

AnstiMutc and hardenito; the; lattt'i* 

and toinporod at 

yellow. 

can be slightly scratched with a 
needle. 

Quonnhcd fiom 1050° 
and tempered at 305°C. 

Blue 

Austi*nito and hardenite; both can 
bo readily scratched with needh'. 
Austenite residue oivered with 
numerous s])ots and cleavages, 
]»arallel to needles of hardenite; 
greater pro])ortb)n of latter. 

Quenclicdfrom 1050" (’, 

Dark i 

Martensite and troosite with cement- 

and temjierod at 4!)5'’(' 

blue 1 

ite. 

Quenched from 1050° (', 
anti tempered at 02O°(V 


Chielly sorbite and cementite. 

Anneal(‘d .. .. 

i 

Cementitf! and p(“;ulit('. 


Effect of Tempering upon Strength Properties. 

It is now becoming the practice for high quality steel manu 
facturers to supply tempering-hardness and strength curves 
with their steels in order to enable the user to vary the heat 
treatment, so as to obtain any jtarticular strength or hardness 
property with the material, and to know within what limits of 
temperature to work to a given specification. 

These charts enable the full •range of usefulness of the 
materials to bo realized. 

Charts for nickel-chrome and chrome-vanadium steels are 
given in Figs. 168, 16!), and 170, and those show clearly the 
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effect of the tempering temperatures upon the mechanical 
properties of the steels. 

Fig. 219, A, B, a,nd C,* show the effect of temperatures of 
tempering upon the Brinell hardness of chromium and chrom¬ 
ium-tungsten steels of the compositions indicated in the 
diagrams. 



Fia. 210. —Effect of Tempemno Tbmper^tukes upon the Haedne.-s of 
Alloy Steels. 

Tempering Processes. 

With a knowledge of the correct temjicratures for specified 
strength requirements, it is possible to heat the objects in a 
mixture of salts, lead alloys, or oil to the desired temperature 
with a fair degree of accuracy. There is now a considerable 
number of tempering mixtures of lead and tin alloys, and of 
other fusible alloys, the melting points of which are known 
accurately, so that, unless these mixtures are over-heated 
after melting, it is a fairly easy matter to temper at any desired 
temperature. TablesCXXV., CXXVI. and CXXVII. give the 
melting points of different mixtures employed for tempering 


See footnote, p. 499. 
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baths; it will be seen that in the case of the lead-tin mixtures, 
that the melting point increases with the proportion of lead. 
The melting point of lead is 327° C., and of tin 232° C., that 
of bismuth being 269° C., antimony 630° C., and zinc 418° C. 


TABLE CXXV. 

Melting Points of Alloy.^. 


Percenta^je Compontioti. . 

Meltimj 

Point 

Percentage Coinpmition. 

Melting 

Point. 







Tin. 

Lead. Bismuth. 

° c. 

Tin. 

Lead. 

Bismuth. 

° c. 

18-8 

31-2 

50-0 

94 

.50-2 

33-2 

10-6 

158 

17-7 

33-.7 

47-0 

98 

48'0 

3«-0 

• 10-0 

1.55 

l.'fS 

42-1 

42*1 

ll)8 

45-9 

38-8 

15-3 

1.54 


4()-() 

40'0 

113 

45-0 

40-2 

14-8 

153 

27-0 

30*5 

3()'r> 

117 

43-0 

43-0 

140 

154 


33-3 

33*3 

123 

41-5 

44-8 

13-7 

100 

:m)'8 

38-4 

3U-8 

130 

40-2 

4()*() 

13-3 

105 

28*5 

43-0 

28-.5 

132 

38-2 

40-0 

12-8 

172 

25-0 

50-0 

2ry{) 

149 

37-5 

50-0 

12'5 

178 

2!)-r) 

47-0 

23‘5 

151 

41'5 

40-8 

11-7 

lf)7 

3S'4 

44-4 

22*2 

143 

43*0 

45* () 

11-4 

I()5 

57-0 

42-1) 

2l-(l 

143 

444 

44*4 

11-2 

100 

40'0 

40-0 

2()-0 

145 

40'0 

4:t2 

10-8 

159 

4:h() 

38-0 

lt)-0 

148 

47-5 

42-0 

ID'S 

KiO 

4.'>-7 

31)* 2 

18-1 

151 

49-8 

41-0 

10-0 

101 

48-1 

34-1) 

17-3 

155 

50*0 

40-0 

10-0 

1«2 


TABLE OXXVI. 

Melting Points of Lead-Tin Alloys. 


Composition. 

Melting Point 
^ C. 

Composition. j 

Melting Point 
° C. 

Lead. 

1 

Tin. 1 

i 

Lead. 1 

i 

Tin. 

100 

0 

327 

32-5 

67*5 

180 



(pure lead) 

' 


(lead-tin 

90 

10 

290 



eutectic*) 

80 1 

20 

205 

30 , 

70 

182 

70 

30 

250 

20 1 

80 

195 

00 

40 

235 

10 

90 

210 

50 

50 

218 

0 , 

100 

232 

40 

1 

«0 

200 

i 


(pure tin) 


* Lowest molting point of the lead-tin series. 
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TABLE CXXVII. 

Melting Points or Lead-Antimonv Alloys. 


Compositiov. 

Melting Point 

°'c. 

Coynposition. j 

Melting Point 
° C. 

Lead. 

Antimony. 

Lead, j 

Antimony. 

100 

0 

327 

1 

60 

40 

356 



(pure lead) 

50 

50 

402 

00 

10 

250 

40 

00 

448 

87 

i;i 

22S 

30 

70 

403 



(lead-antimony 

20 

80 

530 



eutectic) 

10 

00 

582 

80 

20 

200 

0 

100 

630 

70 

:jo 

310 



(pure antimony) 


• 






Load baths are frequently einjdoyi'd for tempering steel 
articles, the objects being placed in the lead bath after a pre¬ 
liminary warming up; the temperature of the molten lead can 
be raised from 327° C., its melting point, to mo.st of the temper¬ 
ing temj)eraturcs required in prac^tiee; it i.s not of cours(> suit¬ 
able for hardening stools. 

Precautions Necessary. 

It is ncces.sary to prewent the lead from sticking to the metal 
objects by coating them with any of the pastes available for 
the purpose. 

The following materials are recommended* for this purpose: 

(а) Soft soap. 

(б) Saturated salt water .solution. 

(c) Blacklead and water paste. 

" (d) Pulverized charred leather, 1 pound; fine flour, 

1| pounds; 2 pounds fine salt; mix together and 
water gradually to a varnish consistency. 

It is necessary to thoroughly dry the coated parts before 
placing in the lead bath. , 

The lead bath must be kept stirred, otherwise the lower 
parts became hotter than the top, owing to heat conduction. 
The objects after heating for a period depending upon their 
• Messrs. G. P. Wall, Sheffield, 
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size and shape, but usually varying from one to three hours, 
should be cleaned from any lead adhering with a wire brush 
(otherwise soft spots will occur), and quenched or oooh'd in 
water which is free from acids or alkalies. Charcoal in powah'r 
form is u.sed for sprinkling over the surface of the lead, to 
prevent the dross formation; the lead itself must he ptire and 
free from arsenic and sulphur. Many objects, w'here suitable 
for the method, arc simply cleaned and tempei'cd by heating 
of a “heating plate”* until the desired temperature, as 
indicated by the colour of the oxide film, is attained, and 
quenched. 

Small objects are sometimes tempered in a hot sand bath 
provided with a pyrometer. 

Change of volume due to Hardening and Tempering. 

Tli(^ specific gravity of steel varies with its hardiress, or 
in other words with the nature of the heat treatment 
pi’oeess. 

In general, the volmiie is increased by hardeuiiig and re¬ 
duced by subsecpieut tcmjiering. Tims on hardening steel 
bars 4 inches long by I inch diameter, tln^ length was foundf to 
increase by from 0-0001 to ()-OOI4 inch, and the diameter by 
0 0003 to 0-0036 inch. 

On tempering, the length decreased 0-0017 to 0-0103 inch as 
eom])ared with the original 4 inches, and the diametc-r was 
inerc'ased 0-0003 to 0-0020. 

The changes in volume of case-hardened steels is considered 
on p. 525. In the case of high-speed tungsten-chromium steel 
th(! following values were obtained .J 


Tempering Tem¬ 

0 

100 200 

:too 

400 

500 

600 

700 

perature ° C. 
Brinell Hardnes.s.. 

700 

1 

OHO ()7(» 

655 

650 

640 

750 

500 

H])ecitic gravity .. 

8-07 

8*«)8r> |8‘080 

8-0H8 

8-080 

8-600 

8-620 

8-640 

___ 


1 

• 




_ 


* Heating plate.s should be gas-hcated and under complete temperature 
control. 

f J. E. Storey, Amer. Mach., February 20, 1008. 

J Prof. C. A. Edwards. 
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TABLE CXXVIII. 

Tempering Colours and Temperatures. 


ColOMT. 

° c. 


Temperature Suitable for Tempering — 

Dark blue ,.. 

300 

572 

Springs;,wood saws. 

Full blue 

, 295 

1 503 

Circular saws for metal; screw-drivers. 

Very dark pur- 

200 

554 

Cold chisels for iron; needles. 

Dark purple .. 

' 285 

545 

Moulding and planing cutters for soft wood; 

1 cold chisels for cast iron; lirmer chisels. 

Full purple .. 

. 280 

.536 

Bone and ivory saws; cold chisels and setts 
for steel gimlets. 

Light purple.. 

27.5 

527 

Axes, hot setts and adzes; dental and sur¬ 
gical instruments, pre.ssing cutters. 

Brown purple 

i 270 ' 

1 ; 

518 

Augers; flat brass drills; twist drills; coopers’ 
tools. 

Reddish brown 

20.5 

509 

Wood boring tools; stone cutting tools. 

Yellowish 

brown 1 

• 

200 

500 

Plane irons, gauges; jdaning and moulding 

1 cutters; punches and dies; cups, snaps, 
and slicar blades. 

Yellow brown 1 

255 

491 

1 Planing and moulding cutters for hard wood; 
penknives, cliasers. 

Very dark 
yellow ' 

250 

482 

j 

Taps; mill chisels and jiicks; screw-cutting 
(lies; rock drills. 

Dark yellow .. ' 

245 

473 

Boring cutters; leather cutting dies; reamers. 

Dark straw . . 1 

240 

404 1 

Milling cutters, bone cutting tools; drills; 
wood-ongravmg tools. 

Straw .. ' 

235 

455 ‘ 

Iron planers; jiaper mittors; ivory cutting 
tools; .steel planers. 

Pale straw 

230 

440 

Hammer faces, brass screwing dies. 

Light straw .. 

225 : 

437 

Light turning tools, steel-engraving tools. 

Very light 
straw 

220 

428 

Scrajiers, lathe tools for brass. 


Case-Haidening. 

Case-hardening consists in giving to a low carbon content, 
mild, or low carbon alloy steel, an extremely hard surface, or 
case, by carburizing, or increasing the carbon content of the 
surface to from 0-00 to 1-10 per cent.* This process enables 
parts to be readily machined prior to hardening, but to 
possess high wearing endurance, combined with a tough 
and ductile core; it avoids the brittleness of certain of the 
hardened high carbon and alloy steels, whilst retaining a 
surface hardness of equal quality. 

The process of case-hardening consists in packing the parts 
in air-tight iron boxes, filling all vacant spaces with a suitable 


* Recommended for the best results. 
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carburizing mixture—that is, a mixture rich in carbon, such as 
charcoal, bone-black, leather, horn-parings, etc.—and heating 
the whole to a temperature of about 875° to 950° C., at 
which temperature they are maintained for a period varying 
from four to twelve hours, according to the depth of case 
required. 

The articles are then either quenched upon withdrawal from 
the box in cool water, or are allowed to cool down in the box, 
then reheated to 750° to_ 780° C. and quenched, or reheated 
twice and quenched first, at about 800° to 820° C., and, secondly, 
at from 750° to 780° 0.; the particular procedure adopted 
depends upon the purpose for which the part is required. 

Theory of Case-Hardening. 

Considering the case of a mild carbon steel, it is evident 
that when a temperature of about 900° C. is attained the 
constitution of the steel will have become a homogeneous solid 
solution of carbide of iron in iron. For each carbon content 
steel there is a definite minimum temperature, above which 
the carbide of iron jiasscs into solution with the iron; generally 
speaking, for the low’ and mediujn steels the higher the carbon 
content, the lower will be the temperatures of solution. 
Table CXXIX, shows the approximate temperatures of 
solution for carbon steels of different carbon content. 


TABLE CXXIX. 

Temperatures at which Ferric Carbide passes into 
Solution in Iron for Carbon Steels. 


Percentage of carbon 

1 

1 0-15 

0-30 

O’,50 

■ 0-60 

0-70 

Temperature ° C. .. 

S85 

830 1 

780 

765 

750 

Percentage of carbon 

0-90 

l-OO 

1-10 

1 1*20 

- 

Temperature C. 

1 740 

1 

im 

820 

i 860 

1 

— 


As the percentage of carbon increases from 0-90 the forma¬ 
tion of free cementite occurs, and the temperature again rises. 
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In the case of a low carbon content steel, at about 900° C.* 
the solution of carbide of iron in iron is a dilute one, capable of 
taking up or of dissolving much more carbon or carbide of 
iron than it originally contained. If, then, this steel is placed 
in contact with a suitable carburizing agent, whether solid, 
liquid, or, gaseous, carbide of iron is formed therefrom, and is 
dissolved and diffused into the steel; it is now generally believed 
that the chief agents in affecting carburization arc the carbon 
containing gases such as carbon monoxide and carbon dioxide, 
generated within the carburizing medium. 

The carbon content of the “ case ” can be controlled to a 
large extent by regulating the cementation temperature and 
the composition of the carburizing medium, whilst the depth 
of the case is governed by th<‘ period of time^ dui'ing which the 
cementation temperature is )naintained. For any given steel, 
those factors must be determined by experience, or by making 
preliminary tests. 

When the steel has bt'en in the carburizing medium for a 
sufficient length of time, it will consist of an outer case, or shell, 
of a solid solution rich in carbon, and an inner core of solid 
solution low in carbon; if the process has been properly 
carried out, there will be a gradual transition frojii one to the 
other. 

If the steel is now allowed to gradually cool down, it will be 
found to consist of an outer shell of pcarlitc or pearlite and 
cementite, with an inner core of ferrite and pearlite, the former 
being in excess. The ferritic structure of the core is left rather 
coarse by the carburizing operation, so that it is advisable to 
reheat the articles to a temperature of about 850° to 900° C., 
and to cool them from this temperature; this process is 
somewhat analogous to normalizing, for it refines the structure 
by diminishing the size of grain. 

The Stiucture of Case-Hardened Steel. 

The next operation—namely, that of hardening the carburized 
steel part—consists in a single or double quenching from a pre- 


* Termed the cemetitalion temperatwe.” 
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determined temperature, and it leaves the steel in the condition 
of possessing a ferritic or ferritic-and-pearlitic core, or interior, 
with an outer case, or shell, of poarlito and cementite. 

The structure of a case-hardened mild steel can be examined 
microscopically, and it can at once ho seen whether the case 
is rich or poor in carbon, and to what depth it has penetrated. 
Fig. 220 shows a typical micrograph of case-hardened mild 
steel. 

A convenient method*’for examining this steel is to polish 
in the usual manner, after heating in charcoal powder to about 



Fia. 220. —MicitoPHOToaKArii or Case-Hardened Mild (Steel, x 25. 


700° C. (just above the recalescencc point) and allowing to 
cool slowly; this process will not carburize the metal but will 
convert the carhon of the hardened steel into the pearlitic 
condition. By etching, after polishing, with a strong acid, 
the depth of the carburized layer and the approximate carbon 
content may be readily ascertained. Alternatively the speci¬ 
men may be ground at right angles to the surface, polished, 
and acid-etched, when the high carbon, or hardened layers, 
will appear as dark portions gradually merging into the lighter 
parts of low carbon steel, as shown in Fig. 220. 


* Osmond. 
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Effect ol Time and Temperature upon Depth of Penetration of 
Carbon. 

The subject of the diffusion of carbon into iron and mild 
steel has been studied by many authorities; it will suffice hero 
to quote from some of the results of Guillet’s* researches. 

He found that in the case of both steel and iron the depth of 
penetration of the carburizing carbon was the same, when 
both were subjected to eight hours’ treatment at 1000° C., 
although the steel contained 0-.5 2 ief cent, carbon. 

The effect of time upon the depth of carbonization for iron 
heated at 1000° C. is shown by the following table: 


TABLE eXXX. 

Effkct of Cari!URizino Period upon Depth of Carbon 
Layer. 


Time. 

Depth of 
Penetration. 

Time. 

Depth of 
PeneUatton. 

Hours. 

M/n. 

Hours. 

Mm. 

h 

0*5 

4 

1-3 

1 


0 

2-0 


1*0 

8 

3-0 


The effect of temperature, when iron was carburized for eight 
hours is shown by the following results: 

TABLE CXXXI. 

Effect of Carburizino 'Temperature upon Depth of 
Carbon Layer. 


Temperature, 

“ C. 

Depth of 
Penetration. 

Tcmpeiature, 

^ 0 . 

Depth of 
' Penetration. 


Mm. 


Mm. 

800 ' 

0-5 

950 

2-8 

850 

1-0 r 

1000 

4-2 

900 

I'O 

1050 

5-2 

925 

2-0 




♦ "Memoires do la Soci6t4 dea Ingenieura Civils de Franco,” 1904, 
p. 177. 
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Temperatures and Processes of Hardening. 

When the initially carburized part is reheated to about 
730° to 750° C. the whole of the case, or shell, together with the 
pearlitio areas of the core, will attain the solid solution state. 
This is a very suitable condition to quench in, as it gives 
hardened case with a minimum section of area of hardened 
material in the core. 

If the temperature bo .raised to 800° C., the whole of the 
core will have become a homogeneous solid solution capable of 
being hardened, so that if quenched in this condition the core 
wilt be much tougher and harder, and will consist of a matrix 
of hardened steel with soft iron “ inclusions,” whereas in the 
former case it will consist of a matrix of soft ferrite with 
hardened steel “ inclusions.” 

It will thus be evident that the mechanical properties of the 
core will vary widely with the quenching temperature. If 
the hardening temperature is too low, ” soft spots ” iji the 
parts will be apt to occur, due to a local breaking down of the 
solid .solution state. 

Tabic CXXXI.A shows the properties* of a low carbon 
steel, in different conditions, of the following compo.sition: 

Carbon .. .. .. .. .. . 0*17 per cent. 

Silicon .. .. .. .. .. .. O'OH ,, 

Sulphur.0-0.53 „ 

Phosphorus .. .. .. .. .. 0-0.56 ,, 

Manganese . . .. .. .. .. 0-85 ,, 

The case-hardening processes upon this material in the form 
of 1-inch bars, carburized for about two and a half hours in a 
box, are indicated in the table, but it may be added that in 
Condition A the carbide in the case and core can dissolve at the 
temperature stated (900° C.), provided that a large excess of 
cementito is not present, but the case becomes overheated and 
is therefore crystalline, as shown by the high tensile strength. 

The structure in Condition B is refined, due to the reheating 
after quenching, w’hilst in Condition C the core becomes norma- 

* “Commercial ISteels and their Heat Treatment,” .1. B. Hoblyn. Proc. 
Inst. Aut. lEngrs., May, 1U18. 
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lized, due to the slow cooling from 900° C. in air, and the re¬ 
heating to 770° C. refines the case. 

Condition B, which is obtained by the process of double 
quenching, is the one which is usually recommended in practice, 
the material then being in about the most .satisfactory condition. 

If the cementation temperature be too high, the case will bo 
found to contain a high carbon content, and will be harder, 
but more brittle. 

Fig. 221* shows some typical fractures of case-hardened mild 
steel, the depth of the casing being clearly illu.strated. 

It is advantageous to temper case-hardened parts in oil at 
about 120° C., in order to relieve quenching stresses. 

The following methods of heat-treating case-hardened parts 
are recommendedj for the purposes stated: 

1. For Paris not subjected to Shocks .—Quench the jiarts im¬ 
mediately on withdrawal from the box. Reheat to a cherry- 
red (780° C. or 1436° F.) and quench again. This reheating and 
quenching refines the surface. 

2. Allow the boxes to cool, then take o>it the parts and 
reheat to a cherry-red (780° 0. or 1430° F.) and quench. 

3. For Maximum Strength and Toughness .—Allow the 
articles to cool in the boxes, then take them out, and reheat 
to a full cherry-red (810° C. or 1490° F.) and quench. Reheat 
to 760° to 780° C. (1400° to 1436° F.) and quench again. 

4. For articles that are liable to warp, the following modifi¬ 
cation in the previous treatment may bo made: 

Allow the parts to cool in the boxes, reheat to a bright red 
(900° C. or 1652° 4^.), and allow to cool in air, then reheat to 
760°to780°G. (1400°tol436°F’.)andquench. Oil-quenching 
is often substituted for water-quenching, but the case obtained 
is not so hard, although the risk of distortion is lessened. 

Case-Hardening Methods. 

The articles to be caso-hardencd^ihould be well packed with 
the carburizing materials in air-tight iron boxes, using fire¬ 
clay to make the joints tight. 


* Messrs. Vickers, Ltd. 


I Messrs. 0. P. Wall, Shellield. 
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Fia. 221 .—Fkactukes of Case-Haedened Mild Steel Baes. 

The bottom of each box should be covered to a depth of at 
least 1 inch with the carburizing material; the articles should 
then be placed in rows with at least 1 inch space between each 
article, and between the articles and the sides of the box. The 
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whole space between the parts and the sides of the box should 
then be filled with carburizing material; several layers of 
articles may be employed. 

The most usual carburizing period is from four to six hours, 
the time being taken when the boxes and contents have 
reached the correct cementation temperature; the usual 
temperature is about 900° C. 

The progress of the carburizing process may be ascertained 
by inserting test wires Of the same material as the parts 
through the lids of the boxes; these wires arc withdrawn at 
intervals and quenched or heat-treated in the same manner as 
the articles are finally treated. The fracture.s of these wires 
arc examined microscopically, and the depth of carbon i)cnc- 
tration observed. 


Influence of Furnace “Atmosphere.” 

It is of great importance to prevent oxidation of the heated 
parts, which would, of course, cause decarbonization of the 
metal; for this reason the ingress of air should be prevented 
to the casing boxes. 

The most successful case-hardening proce.sses employ a 
reducing atmosphere, in which the articles are in contact with 
gases, such as carbon monoxide or dioxide, cither stationary 
or passed along as a gas-stream. In the latter case, the period 
of the process is appreciably reduced. 

Influence of Manganese, Nickel, etc. 

It is well known that the presence of manganese in steel is 
beneficial in removing or reducing the effects of sulphur and 
phosphorus, by deoxidizing them, but the manganese should 
not be present in more than 0-5 per cent., otherwise, apart from 
its deoxidizing properties, it lowers the impact value of the 
steel. The amount of sulphur present should be as small as 
possible. * 

The effect of nickel in a steel is to lower the temperature at 
which the carbide of iron goes into solution with the ferrite, or 
iron, and also to lower the temperature at which it separates 
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out of solution. For this reason cementite does not form so 
readily in the case, as with carbon steels, and, further, during 
the cooling of cemented parts, the ferrite in the core must be 
cooled to a much lower temperature before it can throw out 
the carbide iri solution during the cementation process. Thus, 
instead of the usual 900° C. required for mild .steel, a tempera¬ 
ture of only about 740° 0. is required for the carbide in 
3 per cent, nickel steel of low carbon content to pass into 
solution. 

Nickel case-hardening steels are therefore usually found to 
give a better gradation from the case to the core than with 
carbon steels, and as there is a reduction in the amount of the 
fna' cementite present, the case is not so brittle, and the parts 
themselves can withstand shock much better. 

Table CXXXII. gives the mechanical properties* (when car¬ 
burized and treated as specified) of a 3 per cent, case-harden¬ 
ing nickel steel of the following composition: 


Carbon .. 

tSihcon 

Sulphur 

Vliosphoru8 

Manganeso 

Nickel 


0*10 ])cr cent. 

0*lo to 0*20 per cent. 
0*025 


0*025 

0*50 

2*8 to 3*2 


Case-Hardening Mixtures. 

For thin cases, for iron and mild steel, the parts are heated 
to about 900° 0. (full ti5 bright red heat) and sprinkled with, or 
plunged into, a finely powdered mi.xture of one or otlnw of the 
following mixtures, reheated for a short time to enable the 
mixture to melt and run, and finally plunged into cold water. 

(а) Potassium cyanide. 

(б) Potassium ferrocyanide. 

(c) Potassium ferrocyanide and potassium bichromate. 

{d) Sodium ferrocyanide, 90 parts; anhydrous sodium 
carbonate, 10 parts. 

The case obtained with these materials is very hard, but not 
very deep. 


J. B. Hoblyn. 
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* In all cases the tests refer to the cores of 1 inch bars treated m the manner indicated, 
t Bnnell No., the other values being Scleroscope Nos. 
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For more deeply carburized parts the following materials 
are suitable: 

(e) Wood charcoal. 

(/) Animal charcoal (bone). 

(g) Leather, bone, and horn parings crushed. 

(A) Lamp black and bone black. 

(i) Barium carbonate, 40 per cent.; charcoal, 60 per cent. 
(Guillot’s mixture). 

{j) Wood charcoal, 95 per cent.; soda ash, 5 per cent. 

(k) Wood charcoal, 90 per cent.; common salt, 10 per cent. 
Table CXXXIIT. shows the relative carburizing merits 
of different materials* as expressed by the ratio of the total 
volume of the case to that of the initial volume of the 
material. 

TABLE CXXXlir. 

Relative Caiiburizing Merits of Different Materials. 


Material. 


Ratio 


Total Oa.'.e I'olntiie 
Volmne oj Mixture. 


1. Anthracite, 75 per cent; oil, 25 per cent. . . ! 0-0000 

2. Anthracite, 95 ])er cent.; pota.'^siiim ear- 0*0042 

bonate, 5 per cent. 

3. Coke soaked in 10 ])or cent, aqueous solution 0*0048 

of potassium hydrate. 

4. Anthracite soaked in 10 jier cent, atpieous 0*006l 

solution of potassium hydrate. 

5 Anthracite, 90 per cent.; calcium cyanainidc, j 0*010'.) 

10 per cent. I 

0. Crushed bone .. .. .. . .. , 0*0122 

7. Anthracite, 90 jier cent.; bone black, 10 per ! 0*0138 

cent. ; 

8. Wood charcoal .. .. .. .. ! 0*0140 

9. Charcoal, 90 per cent.; crushed bone, 10 per 0*0202 

cent. 

10. Wood charcoal, 90 per cent.; calcium cyana- 0*0331 

mide, 10 per cent. 

11. Wood charcoal, 90 per cent.; crushed bone, 0*0368 

10 per cent. 

12. Bone black .. .. .. .. .. 0*0405 

13. Leather charcoal .. .. .. ... 0*0405 

14. Wood charcoal, 90 per cent.; bone black, 0*0451 

10 per cent. 

15. Charcoal soaked in 20 p?r cent, caustic 0*058 

potash, 90 per cent.; crushed bone, 10 per 
cent. 

16. Wood charcoal impregnated with soda ash 0*116 


* “Some Recent Improvements in Case-Hardening Practice,” H. L. 
Heathcote, Journ. Iron and Steel Inalitute, May, 1915. 
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Potassium and sodium carbonate is found to restore the 
carburizing properties of exhausted charcoal, and mixture 
No. 1() is probably most efficacious in this respect. 

Carburizing in Gases. 

Articles can bo case-hardened by beating them in^a gaseous 
medium to the proper temperature; the gases employed 
should, of course, contain carbon. Typical examples of gases 
which have been used are acetylene, coal gas which has been 
freed from sulphur by bubbling through carbon disulphide, 
and petroleum vapour. The results of tests upon |-inch rods 
lieatcd for about an hour at 880° (1. in pure acetylene gas 
showed that the acetylene was completely decomposed, the 
carbon being deposited u 2 )on the specimen; the thickness of the 
case was 0-0064 inch after three-quarters of an hour. With a 
mixture of 1 volume acetylene and 12 volumes coal gas the 
.sjiecimen, after an ho\ir’s ex 2 )osure at 880° C., was found to be 
coated with carbon and to have a case of 0-0147 inch thick. 

Carburizing in Liquids. 

Steel may be case-hardened by heating it in a bath of an 
^appropriate salt, such as j)otassium cyanide, to a tenqjerature 
of from 870° to 000° C. The eases obtained are usually very 
hard but are not very deoiJ. 

Change of Volume after Case-hardening. 

The constitutiojial changes in mild steel caused by the case- 
hardening treatment are attended with certain physical changes, 
one of which is a small increase in the volume after case- 
hardening—that is to say, a diminution in the specific gravity. ' 
Parts required for accurate work, such as fine limit work, plugs, 
gauges, etc., must be ground after hardening, and allowances 
must be made for this specific gravity effect. The following 
values wore obtained with a case-hardening mild steel: 

Specific Gravity. 

In normalized state .. .. .. .. .. 7*879 

Quenched from 900° C. in water .. .. .. 7*833 

Quenched from 900° C. and 780° C. in water .. 7*801 
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The increase in volume in the latter case is about 0-237 per 
cent. 

Local Hardening of Steel Parts. 

In many cases, certain parts only of an article, such as those 
subjecte(? to wear, abrasion, or blows, require to be hard, with 
the rest of the material soft. There are several methods 
available for realizing this result. 

Messrs. Vickers, Ltd., have patented a process for hardening 
the wearing parts only of gear wdicel teeth and similar objects, 
so that there is no risk of warping or inaccuracy such as often 
occurs with mass hardening. The method consists in drawing 



Fio. 222. —Feaotuke of Locally Case-Hardened Steel by the Oxy- 
Acetylene Process. 

the exceedingly hot flame of a suitably con.structed oxy- 
acetylenc blowpipe across the tooth face or other surface. The 
temperature of the flame is so high that the surface of the steel, 
to a depth of from inch to L inch as desired, is at once raised 
to the hardening temperature. As the flame passes along 
there is an equally rapid fall of temperature due to the absorp¬ 
tion of heat from the hot part, by the cool remainder of the 
tooth, with the result that a dead hard skin is formed with no 
distortion effects. « , 

Carbon steels may be locally hardened by covering parts to 
be loft soft with a thin metal shield in iron or steel of about 
28 S.W.G., so that upon quenching steam is formed between 
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the shield and the metal, which prevents the cooling medium 
from reaching the metal beneath the shield. Alternatively a 
pad of fireclay or asbestos, held on with iron wire, may be used. 

In case-hardening processes, parts which require to be left 
soft for machining, etc., should be covered with iron or steel 
plates or asbestos pads, or the “ areas of softness ” may be 
plated with copper or nickel before case-hardening; it has been 
found that the carburizing material will not penetrate such 
plated areas. 

Another method is to leave portions of tlie articles to remain 
soft rather fuller, by inch to | inch, than the finished size, 
and to grind off these parts after carburizing. This remov(‘s 
the high carbon material, and the article then may be reheated 
and quenched in tiro usual manner. 



CHAPTER IX 

I HEAT TREATMENT FURNACES 

Furnaces for Heat Treatment Processes. 

It may be of some interest to desorilie a few of the more 
common types of furnaces em)5lo^’ed for the heat treatment of 
metals, as distinct from ore-smelting and metallurgical pro¬ 
cesses. 



Fig. 223.—The Stassano Eleotiuc Furnace used for Steel for 
Castings, etc. 

BBt electrodes; CC, hydraulic gear for regulating position of electrodes; 
BKt water jackets for cooling electrodes; funnel for waste gases. 

The types of furnace commonly employed for heat treatment 
processes are known as tjie “ muffle ” or “ oven ” typo, and 
may be heated either with oil, gas, or coke with natural or 
pressure air-draught; in some cases electrical furnaces are 
employed tor these processes. 

S2« 
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The muffle type of furnace is employed for heat treatment 
processes, such as annealing, normalizing, hardening, forging, 
tempering, reheating, case-hardening, steel frame bending, and 
similar purposes. Electrical furnaces are now finding increas¬ 
ing favour for melting and other metallurgical processes; this 
branch of the subject is, however, outside of the sco]^e of the 
present work; a typical furnace is illustrated, however, in 
Fig. 223. 

TABLE CXXXIV. 

Heating Value.s of Variou.s Solid Fuels. 


Fnd, 

Fixed 
Carbon, 
Per Cent. 

A«h, 

Per 

II ydroffen. 
Per Cent. 

ii.T.u:s 

per 

Pound, 

Dry. 

Anthracite .. 

o:j-o 

4-00 

3-0I) 

15,000 

Welsh coal (good quality) 

87-:! 

:i'0l> 

4-on 

15,200 

Welsh smokeless navigation 

80*0 

:mo 

4*04 

IS.'JWO 

Welsh (average quality) .. 

76-0 

;i'00 

4-G5 

14,140 

Scotcli navigation 

70*« 

2-00 

4*8 

i:i,7G0 

Bituminous, Nottingham 

57-1 

8-00 

.7-11 

13,000 

Coke, foundry 

'JO-0 

7 

0-5 

13,.700 

Coke gas, broken and graded 

88-0 

8 

O-G 

13,100 

Charcoal, from wood 

100 

..._ 

_ 

12,000 

Wood (average) 


- 


0600 

Peat .. 




7000 to 
9000 


Tables CXXXIV., CXXXV., and CXXXVI. give the heating 
values, expressed in British Thonnal Unit.s, of the various 
kinds of fuel that it is possible to employ for industrial pro¬ 
cesses; tbe relative merits of the different fuels depend also 
upon their cost, availability, convenience, initial plant cost 
and upkeep, and other factors. 

As regards the use of coal for furnace heating purposes, it 
may be of interest to note that in average practice it requires 
about 6 to 8 hundredweight of coal to melt one ton of steel, and 
for coke, from 8 to 11 hundredweight. 

For comparisons of different kinds^of fuels, based upon their 
cost, it is useful to remember that in the best practice 9 million 
B.T.U.’s are required to melt one ton of steel, and in the average 
practice about a 26 per cent, higher number. 


I. 


34 
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TABLE CXXXVI. 

Heating Values of Different Oases. 


Composilion per Cent. ^Calori/ic 


Nmne of Qas. 

1 

Carbon 
Mon- ; 
oxide. 1 

i 

1 

,r , Marsh 

Hydro,jtn..- 

i 

i //enrp 
Jhjdro- 
'catbon. 

Carb(^. 

dioxide. 

Nitrogen, 

ete. 

per 

Cubic 

Foot. 

IlUnniiiating or coal 
ga.s 

0*0 1 

1 

47-0 

3-4 

5-0 

5-0 

■ 090 

Water gas .. 

no-o i 

1 50*0 1 

- 

1 .... ! 

— 

I 350 

(Generator gan 

, :u-3 1 

! 


: - - ■ 

()5*7 

130 

Sioniens ga.s 

: 20-0 

()•() 

U) 

1-0 

72*9 

130 

(Generator water gas 

1 38-0 

120 

— 

-- 

50-0 

: 180 

Mond gas ,. 

13-5 

24-8 

i 2-r) 


i 4(v() 

i 130 to 
^ 190 

Coke uveii gas 

— 

Combus¬ 

tibles 

1 90-5 


3*5 

' 430 to 
550 

Oil gas 

— 

Combu.s- 

tibles 

97-0 

I — 

3*0 

j 850 

1 

Blast furnace ga.s .. 

— 

— 


— 

— 

100 


Thooretieally only IJ million B.T.U.’.s are necessary, but 
this ideal is not attainable owing to the thermal losses in the 
furnace, such as by radiation and conduction, imperfect com¬ 
bustion, etc. 


Oas Furnaces. 

The us(! of coal gas, either with natural or forced air draught, 
is finding increased favour, for muffle-furnaces, on aceount of 
its cleanliness, economy, labour-saving, and ease of control, or 
heat regulation. 

When the natural draught principle is adopted, the best ‘ 
results are obtained from the reverberatory or regenerative type 
of furnace, in which the air supply for combustion is pre¬ 
heated. 

Fig. 224 illustrates one of the Richmond* natural draught 
gas heated regenerator oven furnaces, which is suitable for 
reheating, annealing, hardening, and similar work. It will be 

* The Richmond Gas Stove and Meter Co., Warrjngton. 
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seen that there are two ovens, the upper one being heated by 
the waste products from the lower one, so that two different 
temperatures are maintained. The temperature of the lower, 
or finishing, oven can be raised up to 1300° C., but the usual 
temperatures of 800° C. for this oven, and 500° C. for the upper 
oven, can l^o attained in about an hour from the cold. The air 



Fiu. 224.— Ricii.monu Row I’kessuef. Gas.and-Air Type Furnace. 

and gas supplies are each separately controllable, and the 
furnaces can be worked with a reducing atmosphere for 
annealing and similar purposes. 

The sizes of these furnaces vary from 18 inches deep x 18 
inches wide x inches high, up to 63 inches deep x 36 inches 
wide X 18 inches high, inside oven dimensions. 
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A smaller model of this typo of furnace is manufactured, 
fitted with one oven only, measuring about 14 inches deep x 12 
inches wide x 9 inches high, for small workshop or motor 
garage requirements. This furnace will attain a temperature 
of 850° C. in about an hour from the cold, and a maximum 
temperature of 1100° C.; it is e.specially suitabhi for case- 
hardening, annealing, hardening, and tempering small auto¬ 
mobile and air6ratt parts. 



riltii 


Pio. 225. —Ricumonu Low I’iiessciig (l.vs- vxn-Am Lo.w Oven. 

Higher furnac(! temperatures may bo obtained by employing 
a low or high pressure air draught. 

Fig. 225 illustrates a large low-pressure gas-and-air furnace, _ 
which is suitable for annealing long bars, wires, rods, tubes, 
and similar objects; the air pressure for this class of furnace is 
about 2 inches of water, the air being supplied from a fan. 
Maximum temperatures up to about 1400° C. can bo attained 
in this type. The lengths vary fr«m about 12 to 10 feet, with 
corresponding widths of from 2 to 4 feet, and heights of from 
1 to 2 feet. 

Figs. 226 and 227 illustrate the “ Richmond ” gas-and-air 
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blast furnace for heat-treating high-speed steel tools, cutters, 
and small parts in general. The air blast is not preheated, 
but is supplied at a pressure of about 1 pound per square inch. 
The furnace chamber is circular in shape and is heated by 
means of the'gas-and-air blast burners, two of which are used, 
one at tire top and one at the bottom of the chamber, the 
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■ The furnace door is counterbalanced for ease in movement 
and a hinged mica screen is provided which obviates the use of 
coloured glasses by the operator. 



Fio. 227 .—Ga3-.vnd-Aiu Blast Furnace. 

Temperatures up to about 1300° C. can be obtained with 
this type of furnace, but the normal hardening temperatures 
seldom exceed about 900° C. 

The sizes of the chambers or civens vary from 9 inches to 
14 inches wide by 5 inches in height. 

Fig. 228 illustrates a gas-heated furnace suitable for forgings 
of irregular shape, for heating up blanRs and parts for drop 
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forgings. The furnace door may be left open the whole time 
if required. The air blast used works at about 1 pound per 
square inch pressure, and both gas and air supplies can be 
regulated. The dimensions of this furnace measure 30 inches 
deep X 24 inches wide x 12 inches in height, the door opening 
being 24 ifjehes wide x 7 inche.s high. 



Flo. 22 S.--Ki<.ii.vioni) Fokoim! Fuun.ice. 


Tempering Furnaces. 

The use of gas for heating up lead and salt baths for temper¬ 
ing purposes is very convenient, for it enables the tempera¬ 
tures to be regulated with accuracy, and is clean in 
operation. 

Fig. 229 illustrates a typical natural draught gas-heated 
lead tempering furnace for tempering articles such as sword- 
blades, cutlery, shafts, etc., in the horizontal position; in 
another design articles may be tempered in the vertical posi- 
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tion. In the type illustrated, the heating gas fumes and those 
from the lead bath are led away through the chimneys 
shown. 

Fig. 230 illustrates a long type of natural draught gas-heated 
regenerator lead bath furnace for annealing aeroplane stream- 

l 



Fio. 22!).— Richmond Natural Ueaught Gas-Heated Lead Temeekino 
Bath. 

line wires, rods, and tubes, etc. The burners and flues are so 
arranged that the flame is drawn from the top of the furnace 
down to the bottom of the lead trough, and thence to the flues 
on the other side of the furnace to avoid the cutting action of 
the flame on the bottom of the trough. 



538 AIRCRAFT AND AUTOMOBILE MATERIALS 


Oil-Fired Furnaces. 

In cases where it is not possible or convenient to use gas for 
heating the furnace, any of the crude oils may be employed, 
such as petroleum, tar products, and other heavy oils; alterna¬ 
tively lighter oils or mixtures of lighter oils and gas tar can be 
used. ^ 

The calorific values of most of the oils employed for heating 
purposes arc given in Tabic CXXXV. and in comparison with 
coal and coke it will be seen that they give a higher heating 
value for the same weight and volume. 



Fia. 230 .—Lead Annkaling Bath J'ok Stoeamline Wikes, Tcees, etc. 

Fuel oils are, moreover, more convenient to store and to 
use, clean in action, and the heating is capable of easy regula¬ 
tion. 

There are four common systems in use for burning oil fuel— 
namely, {a) gravity fced> (ft) column gravity feed; (c) pneu¬ 
matic feed, and (d) oil pump feed. 

The tar obtained from by-product coke ovens is frequently 
employed as a fuel, and the “ water-gas tar ” from gas works 
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is also an excellent fuel; it has a calorific value of about 17,000 
B.T.U.’s per pound, which is equivalent to about 162,000 
B.T.U.’s per gallon. The quantity of oil equivalent to 1 ton 
of coal in good drop-forging practice is about 60 gallons, and 
it is convenient to note that six gallon.s of crude Texas oil are 
equivalent to 1000 cubic feet of natural gas. l 

When using oil fuel in furnaces it is necessary to atomize 
the oil with stefim or air under pressure, the pressures em¬ 
ployed varying from abtrut 20 to 80 pounds per square inch 
according as the fuel is light or heavy, and varying to some 

OUTfK AIR ,,Mk’SUPPLY 



RtCULATOa FOR OIL SUPPLY 

OUTER AIR FLEO 


Fui. 2 :U.—Davis Twin Jet Oil Atomiser. 

extent with the size of furnace; for large furnaces the greater 
atomization or “spread” necessitates the use of the higher 
pressures. The amount of the air required for combustion 
which is actually used for atomizing the fuel is about 2 to 
4 per cent, of the whole, and it should be the aim of the oil 
furnace designer to keep down the amount of atomizing air to 
the minimum. The remaining bulk of the air for combustion 
is admitted under a low pressure, .of from 2 to 5 ounces per 
square inch. 

Fig. 231 illustrates the Davis twin-jet atomizer fuel oil 
burner for furnace work in which the oil is'effloiently atomized. 
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It will be seen freon the illustration that there is an inner and 
an outer air jet, with an annular oil jet in between. Each 
is capable of independent regulation. These burners are 
primarily intended for heavy oils, such as petroleum, tar oils, 
and similar (tils, and air pressures of 20 pounds per square inch, 
or steamt pressure of 40 pounds per square inch, and above 
should be employed. 



Fia. 232 .—Davls Twin Jet Oil-Fired Fcrnacb. 

The range of oil consumptions in the smallest type of this 
burner varies from | to 4 gallons per hour, the sizes of the oil and 
air supply pipes being J inph and | inch gas barrel respectively. 
In the larger typo the oil consumption can be varied from 
8 to 25 gallons per hour, the oil and air pipes being | inch and 
1| inches gas, respectively. 
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Fig. 232 shows the application of the above oil-firing principle 
to an oven for heating steel parts, such as irregular forgings, 
billets, and similar objects; the oven shown is of the over¬ 
fired down draught typo working on a semi-revcrberatory 
principle to ensure efficient and uniform heating for there is 
a downward displacement of the gases through a ijiain flue 
situated beneath the floor of the oven. A short uptake only 
is required with this type of oven. 

The air used for pulyerizing the oil is heated by the 
escaping gases in the inain_ flue, and in this manner the 
efficiency of the whole system is high; indeed, as compared 
with the use of coal a considerable increase in efficiency is 
shown. 

VV'ith the type of furnace illustratcal working teinj)eratures 
up to 1350° C. can be attained. 

Coke-Fired Furnaces. 

The use of coke is very convenient in cases of isolated 
factories away from gas supplies, and efficient coke furnaces 
arc now available for all of the heat treatment processes occur¬ 
ring in automobile and aircraft work. 

Fig. 233 shows a small type of “Richmond” natural 
draught self-contained coke-fired furnace suitable for anneal¬ 
ing, hardening, case-hardening, reheating, and similar opera¬ 
tions. The furnace illustrated is tenned the “ in-flame ” 
typo of coke-fired furnace, in which the heated ga.ses are directed 
from either side (as shown in the cross-section view) and are 
carried off by the flue and funnel at the front or opjiosite end 
of the furnace, in such a manner that the whole of the furnace 
bed and chamber is uniformly heated. 

The sizes of the furnaces vary from; length A = 30 inches, 
width B = 12 inches, width 0 = 9 inches, up to A = 60 inches, 
B = 36 inches, 0=21 inches in eight sizes. 

Figs. 234 and 236 illustrate the jonstruction of the larger 
coal-fired regenerator muffle and oven furnaces which are 
suitable for operations, such as annealing, normalizing, harden¬ 
ing, case-hardening, plate and billet heating, steel frame bend- 
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ing, melting metals, enamelling, glass annealing, firing of 
pottery and similar processes. 



These furnaces are usually worked in batteries of two or four. 
They are provided with dampers so that the heats of the furnace 
can be efficiently controlled, and the whole of the regenerator 


Fig. 233. —Richmond Small Type Coke Furnace. 












HEAT TREATMENT FURNACES 


543 


flues are always in view; these flues are so designed that any 
dust falls to the bottom, where it can bo easily cleared away, 
and no choking of the flues can occur. 



The formation of the panels of the regenerator tiles greatly 
increases the conductivity, and at the same time a larger area 
of heating surface is presented to the gas and air. The con¬ 
struction of the flue beds and cross-joints is so designed that 
in the event of a tile breaking, short-circuiting of the gases is 
impossible. 
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lUtomatic Electric Hardening Furnace. 

An ingenious and accurate method of hardening steels is 
embodied in the Wild-Barfield hardening apparatus, which is 
shown illustrated in Fig. 236. 

The principle of the method used depends upon the fact that 
at the critical or Ar. 2 point (which is the proper temperature 
for hardening) the metal becomes non-magnetio. A gal- 



Pia. 235 .—Richmond Laegb Coke-Fired Oven. 

vanometer is provided for immediately notifying the operator 
that the correct quenching temperature has been attained. 

Referring to Fig. 236, the inner pot A is the furnace chamber, 
and contains a special mixture of salts having a comparatively 
low melting, but a high vaporizing, point. The pot A is 
wound with a heating coil JS, and between this coil and the out¬ 
side of the furnace D is a special non-conducting lagging 0- 
The ends of the outside insulated copper windings JS are con¬ 
nected to a special galvanometer. 

When a current of electricity is passed through ^ it quickly 
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heats the furnace and renders the salt molten. The winding B 
also magnetizes any steel article that is placed in the furnace. 
Immediately the critical temperature is attained the steel loses 
its magnetism and the galvanometer indicator at once notifies 
the fact; the articles are then at the correct temperature for 
quenching. ^ 

This method has the advantages of being clean, and gives 
uniform heating»and certainty of the correct hardening tern- ' 
perature. 



Fio. 236 .—The Wild-Baefield Automatic Haeuening Fcbnacb. 

Furnaces for Melting Non-Ferrous Metals, etc. 

The crucible types of furnace are considered to be more 
efficient and more convenient to use for melting purposes, and 
the oil-gas and electric methods of heating are preferable for 
most industrial and works processes over the coal and coke 
ones. , 

The furnaces employed may be of the fixed “ ladling ” type, 
or of the “ tilting ” type. 

Fig. 237 illustrates the principle of the Monometer tilting 
n 36 
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type furnace, suitable for melting steel, copper, brass, gun- 
metal, aluminium and other metals, and adaptable either for 
gas or oil heating. An outside view of this furnace is shou-n 
in Fig. 238. 

The combustion chamber is in the form of an annular 
chamber;,concentric with but situated below the crucible, and 
it is connected to the melting chamber by means of suitably 
inclined ducts^or passages; this form of combustion chamber, 



by delaying the escape of the products of combustion, pro¬ 
duces an uniform and evenly distributed heating of the 
crucible. 

The method of tilting the crucible and its contents for pour¬ 
ing wiU be readUy foUowed from the diagrams; it will be seen 
that there is a grooved portion on the bottom of the furnace 
body which engages with the Morse lifting chain which passes 
over a large chain-wheel on the balance weight shaft. A hand- 
operated wheel is” provided for tilting the crucible, through 
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the medium of a worm and worm-wheel and a pair of bevel 
wheels; a reduction gearing is embodied in this mechanism so 
that only a small effort is required to tilt the furnace. 

The axis about which the furnace body is rotated in the 
pouring process is in alignment with the pouring lip. The 
construction of the furnace is such that it is self-jontained, 


To^.CovW 
• DOH« 

; . c*MLeV£RT*ft*(»f 


T 



Fig. 238.—Monometjsu Tiltino'iFurnaob. 

and as the oil burner directs the oil tangentially into the com- 
bustion chamber and is attached to the furnace body so as to 
move with it, the firing operation can be continued during the 
actual pouring process. 

The melting itself is carried out in a non-oxidizable or reduc¬ 
ing atmosphere. 
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When gas* is used for heating, a special form of automatic 
heat-regulating device or thermostat is employed, by which 
the temperatures can be maintained within about 5° F. of the 
correct values. 

Fig. 239 iliustrates this type of heat regulator, which is 
mechanical in its action. ■ ]3y means of the adjusting screw 
shown at the top the temperature can be varied from 100° F. up 
to 2000° F. The rod indicated on the left-hand'^side rests in the 
molten metal, oven, or furnace bed, and the gas-regulating device 
is thermally operated therefrom., The gas (or oil) is started at 



Fio 239. —Monometer (Us Reoulator. 


full pressure until the desired temperature is reached, when the 
automatic regulator cuts off the supply until only the minimum 
amount of gas (or oil) necessary to maintain the temperature 
is burning; any cooling of the furnace or melted metal causes 
the regulating device to turn on more gas (or oil) until the 
temperature is restored. In this way not only is a uniform 
temperature obtained but a marked economy in fuel is 
effected. ■ 

Figs. 240 and 241 show a Wright-Morgan forced-draught 
coke-fired furnace of the tilting type .for melting non-ferrous 
metals, but suitable in certain smaller sizes for iron and steel. 

» The same device can also be used for oil firing. 
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The crucibles taken by these furnaces vary from 200 to 1000 
pounds capacity for brass, aluminium, and copper alloys. 

The furnaces are all fitted with a swing-back preheater, which 
covers the top of the furnace body with a loose ipternal muffle 
ring and cover resting on the crucible when melting is in 
progress and which keeps the metal in the crucible'free from 
contact with the combustion products, as shown in Fig. 240; 



Fio. 240 .—The Wrioht Morcan Coke-Fiked Tilting Furnace. 


in this manner the loss in melting is considerably reduced. The 
furnace .shown has a regenerative flue which carries all of the 
fumes out of the building into a main chimney. 

For melting copper alloys an air pressure of to 2 inches 
of water is required and it is usual to supply electric fans for 
this purpose. A naturai draught inlet is also provided so that 
it can be used in place of the fan. 

The furnaces are made in two sections—namely, the body 
section, which tilts on an axis in line with the lip of the crucible, 
and a preheater section fitted with solid eftver and flue outlet 
to the downtake regenerator pipe at the rear. 
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The incoming air is heated in this regenerator to 260“ to 
300“ C., and then passes into the furnace, partly through the 
grate bars, the annular space above the grate bars and the side 
air-holes in the firebrick linings. In this manner the air-jets 
entering through the bars arc met at right angles by the annular 
flow of air over the top bars. Fresh air is introduced to the 
fuel above the stand level by means of the side holes through 
the furnace lining; excessive cutting of the crucible base is thus 



Fio. 241. —WiiioHT-MoRQ.iN 1 ’okce-Di!\iiout (JoKE-l?iitEU Tilting 
ITcrnace. 


prevented. All fumes arc exhausted through an underground 
flue to a main ohijnnoy, for which, as the furnace works under 
a forced draught, only a small stack is required. 

Soft Metal Melting Furnace. 

Furnaces intended for melting lead, tin, white metal and soft 
metals in general, do not, of course, require to be worked at 
appreciably high teimporatures (about 600“ C. as a maximum), 
but it is essential that means shall bo provided to prevent 
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surface oxidation, over-heating, and homogeneous mixing of 
the metal. 

Fig, 242 illustrates the Monometor soft metal melting 
furnace which has been designed to fulfil the ajjove require- 




Fio. 242 .—Monometeb Soft Metal Melting Fornaoe 

ments. In this type the melting *pot is enclosed, the inert 
gases being brought into the chamber above it. An automatic 
gas regulator* is provided to prevent overheating, and a special 
• See' p. 648. 
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mixing appliance is fitted. This mixer is in the form of rota¬ 
ting paddles attached to a vertical hollow spindle or sleeve, 
which are rqvolved in the melting pot by means of external 
arms, the weight of the metal being taken on a ball bearing 
Passing down the centre of the mixer sleeve is a valve stem. 
The valvh which is at the bottom of the melting pot is cone- 
seated and is operated by means of a hand wheel at the top of 
the furnace; in this way the metal can be tapped from the 
bottom of the pot, where it is purest and free from dross. 

The furnace can also be fitted with oil-fuel heaters with self 
regulators. 

Fuel Consumptions and Outputs. 

Some interesting figures are given by the Monometer Com¬ 
pany for the fuel consumptions and other particulars of their 
melting furnaces when using oil and gas. These are shown in 
the following table: 


TABLE CXXXVn. 

Fuel Consumptions, Costs, and Outputs of Melting 
Fuenaces. 


Metal Melted. 


Copper 
Cupro-nickel 
Cartridge metal 


Fuel 

Used. 

Crucible 

Capacity 

in 

Founds. 

12 Hours* 
Output 
in 

Founds. 

Cost 

in 

iShillinys. 

Consum2)tion 
of Metal 
per Clot. 

oil 

800 

.woo 

80.S. per ton 

11 gallons 

gas 

800 

3000 

3s. ])cr 1000 
cubic feet 

450 

cubic feet 

oil 

800 

3000 

80s. per ton 

2 gallons 

gas 

800 

2200 

3s. per lOOO 
cubic feet 

820 

cubic feet 

oil 

800 

6000 

803. per ton 

1 gallon 

gas 

800 

4000 

38. per 1000 
cubic feet 

335 

cubic foot 


Metal Melted. 


Copper 
Cupro-nickel 
Cartridge metal 


Fuel 

Used. 

Frice per 
Cwt. of 
Metal 
of Fuel. 

Life of 
Crucible 
in 

Melts. 

Cost of 
, Crucible 
per Cwt. 
of Metal. 

Life of 
Lining 
in 

Months. 

f oil 

6}d. 

40 (min.^ 

4s. 6d. 


1 gas 

16s. 2d. 

30 

6d. 

3 

/ oil 

8s. 4d. 

24 

78. 6d. 

2^ (min.) 

1 gas t 

29s. Od. 

16 

Us. 3d. 

1 to 2 (min.) 

/ oil 

48. 2d. 

66 (min.) 

2|d. 

5 (aver.) 

1 gas 

Is. Od. 

' 60 

3s. 6d. 

3 to 4 (aver.) 
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The following particulars refer to results obtained with a 
Richmond gas-and-air blast heated crucible furnace; 



1 

Cubic 

*Feet. 

1 

B.T. U.*s 

(A) Copper. Poured at 1200° 0. 

Average coal gas consumption per pound for 

• 

3*70 

1924 

5 melts. • 

Average coal gas consumption per pound for 

:t-50 

1820 

6 melts. * 

Average coal gas consumption per pound for 

7 melts. 

: 3-35 

i 

1742 

i 

(B) Brass. Poured at 1000° C. 

Average gas consumption per pound of metal 

2-25 

1203 

for 6 molts. 

Average gas consumption per pound of metal 

1-92 

1031 

for 12 melts. 

Average gas consumption per pound of metal 

1-86 

996 

for 15 melts. 




The effect of preheating the air and the metal with the 
furnace products leads to a considerable saving in fuel, as the 
following typical results for melting yellow brass show: 



Cos Consumption per 
Pound of Metal Melted. 

Numlier of consecutive melts 

4 

0 

Consumption with no preheater 

Consumption with brass only preheated 
Consumption with brass and air preheated 

Cubic Feet. 

3-10 

2’72 

2-42 

Cubic Feet. 

2-91 

2-48 

2-17 


The following results of an average week’s working with a 
100 pound electric bronze melting furnace are also of interest: ’ 


Nature of charge 
Nature of work 

Gas consumption (per ICO pound melt) 
Number of heats per 8 hour shift ., 
Average time per melt 
Life of crucible .. ... 


Electric bronze (ingots 
and scrap). 

Sand castings. 

300 cubic feet. 

11 . 

42 minutes. 

34 melts per pot. 










CHAPTER X 

PYROMETRY 

Pyrometry. 

From what has already been mentioned in connexion with 
the subject of the heat treatment of metals, the importance of 
correct temperature regulation and measurement will need no 
further emphasis; it may, however, bo remarked, that in prac¬ 
tically all industrial processes, such as the melting and heat 
treatment of metals, galvanizing, rust-proofing, enamelling, 
and other thermal processes, suitable thermometers or pyro¬ 
meters are now available in commercial form and are invariably 
employed. 

Not only is the uniformity of output maintained, and the 
percentage of rejections minimized, but the output itself is 
often greatly improved by utilizing accurate thormometric 
methods. 

The subject of industrial pyrometry is too wide to be dealt 
with here in any but a brief form, so that attention will be 
merely confined to pointing out the principal methods em¬ 
ployed, and to illustrating these methods with typical examples. 
For fuller particulars the reader is referred to the special works 
upon the subject, some of which are given in the footnotes.* 

♦ Vide (a) “Industrial Pyrometry,” by C. R. Darling, Cantor Lectures, 
1911, Royal Society of Arts. 

(6) “ Recent Prdgress in Pyrometry,” by C. R. Darling, Royal Society of 
Arts, May, 1915. 

{c) Chapter on “Pyrometry” in “An Introduction to Metallurgy,” by 
Sir W. C. Roberta-Austen (Griffin and Co., Ltd.). 

(d!) The Cambridge Scientific Instrument Co.’s .Industrial Thermometer 
Publications. 

(c) “ The Measurement of Extreme Temperatures)^’ by H. L. Callendar, 
Proc. Roy. Inst., vol. xvi., p. 97. • 

{/) “Practical Pyrometry,” by R. S. Whipple, Engineering Review, 
vol. xviL, p. 148. 

{g) “Modem Methods bf Pyrometry,” by C. W. Waidner, Proc. Eng, 
Soo. of Western Pennsylvama, vol. xx., p. 1313. 

KK.A 
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Temperatures to be Measured. 

The temperatures occurring in most industrial processes 
range from atmospheric up to those of the melting points of 
the metals, the temperatures for the common metals varying 
from 200° to 1600° 0. ’ 

Table CXXXVIII. shows some of the more important 
temperatures involved in practical metal smelting and 
processes. * 

TABLE CXXXVIII. 

Melting Points of Metals and Other Common 
Materials. 


Metals and Alloys. 


° 0. 


^ G. 


S500 to 

Carbon. 

1435 

Steel (1*0 per cent. C). 

4000 


1400 

Steel (1’5 per cent. C). 

3000 

Tungsten. 1 

1350 

Steel {2*0 per cent. C). 

2910 

Tantulum. 

1345 

Manganese steel (13 per 

2700 

Osmium. i 


cent. Mn). 

24.'j0 

Molybdenum. , 

1330 

FerrO'titanium (25 per 

2300 

Zirconium. ' 


cent. Ti). 

2290 

Iridium. 

1230 

Perro.nickel (25 per cent. 

2000 to 

Boron. ■ 


Ni). 

2500 

i 

1225 

Manganese. 

1900 (?) Ruthenium. 

1210 

Ferro-manganese (80 per 

1800 

Titanium. 


cent. Mn). 

1720 

Vanadium. 

1100 

Cast iron (average). 

1700 to Platinum. 

1083 


1790 


1063 

1690 

Thorium. 

961 

Silver 

1550 

Palladium. 

658 

Aluminium. 

1610 

Chromium. 

631 

Antimony. 

1505 

Pure iron. 

419 

Zinc. 

1490 

Cobalt. 

327 

Load. 

1475 

1450 

Steel (0*5 per cent. C). 
Nickel. 

232 

Tin. 


Refractory and Other Materials, etc. 


“ a. 

2400 

Lime and magnesia. 

' “ 0. 
1400 

Inferior firebricks melt- 

2180 

Chromite. 

1350 

Copper slag. 

2165 

Magnesia brick. 

1318 

Tin slag. 

2050 

Chromite brick. 

054 

Litharge. 

2010 

Pure alumina. 

780 

Calcium. 

1820 

Bauxite. ' 

633 

Magnesium. 

1800 

Best firebricks. 

620 

Cerium. 

1800 

Bauxite clay. 

116 to 

Sulphur. 

1750 

Pure silica. 

120 

1700 to 

Silica brick. 

100 

Boiling water. 

1705 


.97 

Sodium. 

1565 to Bauxite brick. * 

68 

White beeswax. 

1785 


01 

Yellow beeswax. 

1650 

Silica softens; inferior fire¬ 

44 

Phosphorus. 


bricks soften. 

-39 

Mercury. 

1430 

Puddle slag. 

-182 

Liquid air. 

1420 

Silicon. 

- 273 ■ 

Absolute zero. 



556 AIRCRAFT AND AUTOMOBILE MATERIALS 

Temperature Standards and Fixed Points. 

Before proceeding to the description of a few typical tempera¬ 
ture measurement devices, mention will here be made of some 
of the better known “ fixed ” points, which are used for refer¬ 
ence chiefly in pyrometry. 

The “fixed points” mentioned are the accurately known 
melting or boiling points of certain solids anfl liquids, which 
are used for calibration or standardization purposes. It is a 
fairly simple matter to check the accuracy of any pyrometer 
by observing its reading at one or more of the fixed tempera¬ 
tures within its range. 

The values given in Table CXL. refer to the pure materials; 
considerable errors are, however, possible unless the substances 
used are of a high grade of purity. 

All important pyrometers may alternatively be checked or 
calibrated at any of the well-known testing institutions, such 
as the National Physical Laboratory, Teddington, or the 
x4merican States Bureau of Standards. 

The following table is useful in showing, approximately, the 
equivalent temperatures to different colours, in the case of 
heated iron and steel as seen in a dark room : 


TABLE CXXXIX. 

Temi’ebatube and Coloub Values eob Heated Steel. 


ColQur. 

Temperature. 

White (not welding heat) .. 

Cent. 

1^40 

Fahr. 

2264 

High yellow .. 

1130 

2065 

Yellow.. 

1081 

1976 

Low yellow .. 

971 

1780 

Bright red 

923 

1693 

Light red 

850 

1561 

Medium red .. .. .. .. .. . 

795 

1462 

Full cherry red 

. 700 

1291 

Blood red .. .. .. ^. 

667 

1231 

Dull red .. .. .. .. .. .. 

625 

1156 

Red, just visible 

525 

976 

Black .. 

475 

886 
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TABLE CXL. 

Standakd Temperatures or “Eixed Points.”* 


Substance. 

Physical 

CoTidition. 

Temperature 
° 0, , 

Temperature 
^ F. 

Water 

At boiling point 

100 

* 212 

Aniline 


184 

.ocii 

Naphthalene . 

At melting ])oint 

218 

426 

Tin .. 

232 

450 

Cadmium 

321 

610 

Lead .. 

,, ,, 

327 

620 

Zinc .. 

* 

419 

786 

Sulphur 

At boiling point 

445 

832 

Antimony 

At melting point 

()31 

1108 

Common salt 

800 

1472 

Silver (in reducing atmo¬ 
sphere) 

„ 

961 

1702 

(iold .. 

»» ,, 

1003 

liWfl 

Copper (graphite covered) 

,, ,, 

1083 

1982 

Lithium-metasilieate 

,, 

1202 

2104 

Nickel 

», »> 

1450 

2642 

Palladium .. 

>> »» 

liMO 

2822 

Platinum 

,, ,, 

1765 

31!)0 

Tungsten 

.. 

3000 

(about) 

.6432 

Carbon arc .. 


3500 

(about) 

0332 


TABLE CXL[. 

Additional Fixed Points. (Dr. Northrup.) 


Substance. 

Physical Condition. 

Temperature ° C. 

Ice 

Melting point 

0 

Bonzophenon 

Boiling point 

303-4 

Copper (in CO) 

Melting point 

1082-6 

Diopside .. 


1391-2 

Cobalt 


1489-8 


Methods of Temperature Measurement. 

The methods adopted for measuring temperatures are all 
based upon some physical property of a solid, liquid, or gas, 
which changes with temperature, and it is the physical effects 

* From “Recent Progress in Pyrometry,” by C. R. Darling, Journ. Soc. 
of Arts, May 14, 1915. • 
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which are observed or measured, and from which the tempera¬ 
tures are deduced. 

The following are some of the typical methods upon which 
temperature measurement devices are based: 

(а) Measurement of the expansion of solids, liquids, or 

gases. 

(б) Measurement of the vapour tension of vapours. 

(c) Fusion effects of known substances. ' 

{d) Ebullition or boiling effects'. 

(e) Specific heat effects (calorimetry methods). 

(/) Heat radiation methods. 

{g) Thermo-electrical measurements. 

(h) Electrical resistance measurements. 

(i) Optical methods. 

There are, of course, many other methods available, based 
upon other physical properties such as those of viscosity, 
acoustics, and magnetism. 

The five principal methods with which the present considera¬ 
tions arc concerned are as follows—namely: 

1. Fusion effects of solids, metals, and alloys. 

2. Expansion effects of solids and liquids. 

3., Radiation methods. 

4. Thermo-electric methods. 

5. Electrical resistance methods. 

Each of these methods is applicable to certain purposes, 
and in many cases several alternative methods may be 
employed for the same purpose; this remark applies more 
particularly to the last three methods named. 

Table CXLII. shows the temperature ranges and typical 
applications of the five methods above mentioned; each of 
these will be briefly considered in detail later. 

Fusion Pyrometers. 

A simple method for obtaining approjfimate furnace tempera¬ 
tures and one which is frequently employed in works practice, 
is to insert a number of salts, clays, or alloys of known 
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TABLE CXLII. 

Types of Theemometers and Pyrometers, for 
Industrial Use. 


Type. 

Principle. 

Examples. 

Temperature 

Mange 

[Centigrade). 

Fusion 

Based upon the fact 
thatmlefinite solids 
and compounds 
melt at a certaTin 
temperature 

Seger’s cones 

Sentinel pyrometers 
Various clays, alloys, 
and salts 

0^ to 21)00^ C. 

Expansion 

etfccts 

Based upon the 
change in length 
or volume of 
solids, h'piids, and 
gases, on heating 
and cooling 

(Jas thermometer 

Mercury, .Jena glass, and 
nitrogen 

Ordinary alcohol ther¬ 
mometer 

Sodium-potassium alloy 
and boro-siheato glass 

Unequal expansion of 
rods 

Contraction of porcelain 

0 to 1000^ C. 

- 40 to oOO^ C. 

- 200 to 100° C. 

Uj) to 000° (■ 

0 to 500° C. 

0 to 1S00° C. 

Radiation 

Depend upon the 
measurement of 
heat radiated by 
hot bodies 

Fery’s radiation pyro¬ 
meter 

Foster’s fixed focus py¬ 
rometer 

Wanner optical pyro¬ 
meter 

Holborn - K u r 1 b a u m 
pyrometer 

Siemcn’e pyrometer 

Cambridge optical pyro¬ 
meter 

Can be ar¬ 
ranged for 

any tempera¬ 
ture up to 
5000° C. and 
above. 

Usual ranges, 
500° to 1800° 
C. for metal 
processes 

'riienno* 
electi ic 

Based upon the 
measurement of 
the electric cur¬ 
rent or E.M.F. 
developed by the 
difference in tem¬ 
perature of two 
similar thermo¬ 
electric junctions 
opposed to one 
another 

Coppcr-constantan 

Iron-constantan 

Iron - nickel and iron- 
nickel alloy of differ¬ 
ent composition 
Nickel-chromium and 
a nickel - chromium 
alloy of different 
compOHition 
Platinum-platinum iri¬ 
dium 

Two platinum-rhodium 
alloys 

0 to 500° C. 

0 to 000° 
to 1000° ('. 
(max.) 

to 1200° C. 
(max.) 

to 1300° C. 
(max.) 

to 1600° C. 
(max.) 

Electrical 

resistance 

Based upon the in¬ 
crease in resist¬ 
ance of a metal 
wire when heated 

Callendar platinum 

thermometer 

Siemens’ resistance py¬ 
rometer 

Whipple’s indicator* 
Harris’s indicator* 

0 to 1200° C. 


* For use with resistance thermometers. 
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progressive melting points in the furnace and to observe 
which have been melted. The temperature of melting furnaces 
at any desired locality is often tested by inserting a rod of iron, 
or copper, and noting whether it melts or not. 

It is possible to select a number of salts and alloys of known 
melting points so as to form a descending temperature series. 

The vafues given in Tables OXLIII., CXLIV., and CXLV. 
will afford some useful information in connexion with fusion 
methods.* 

TABLE CJfLIII. 

Materials foe Fusion Pyrometers. 


Substance. 

Melting Potnt. 

Grey forge pig iron .. 

“ 0. 

1220 

o 

2230 

Grey pig iron 

1240 

2264 

Anhydrous magnesium sulphate 

1150 

2102 

Cuprous sulphide 

1100 

2012 

Anhydrous potassium sulphate 

1070 

1958 

Copper-zinc alloy, 95 Cu, 5 Zn 

1070 

1968 

Potassium sulphate .. 

1015 

1860 

Copper-zinc alloy, 90 Cu, 10 Zn 

1055 

1931 

Copper-zinc alloy, 85 Cu, 16 Zn 

1026 

1826 

Copper-zinc alloy, 80 Cu, 10 Zn 

1000 

1832 

Sodium plumbate 

1000 

1832 

Copper-zinc alloy, 75 Cu, 25 Zn 

980 

1796 

Potassium bichromate 

975 

1788 

Sodium phosphate .. 

967 

1755 

Copper-zinc alloy, 70 Cu, 30 Zn 

940 

1725 

Copper-zinc alloy, 65 Cu, 35 Zn 

915 

1679 

Anhydrous sodium sulphate 

900 

1652 

Copper-zinc alloy, 60 Cu, 40 Zn 

890 

1634 

Anhydrous sodium carbonate 

850 

1562 

Chloride of tin (SuCIq) 

840 

1544 

Sodium carbonate 

810 

1490 

Common salt .. 

800 

1472 


It is usual to insert a number of salts of progressively in¬ 
creasing melting points in the furnace; then if, for example, a 
salt such as potassium chloride was just melted, and the next 
salt, calcium chloride, was not melted, the temperature (see 
Table CXLV.) would lie between 740° and 755° C. 

Seger’s cones are another example of {he use of this method, 
in which a number of clays of various compositions and with 


• Also see Table CXLVI. 
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TABLE CXLIV. 

Melting Points of Low Fusion Point Alloys. 


Composition, per Cent. 

'^'.Melting 

Point. 

Composition per..^Cent. 

Melting 

Point. 

° F. 

Ihs- 

inuth. 

: Lead. 

Tin. ' 

Cad¬ 

mium. 

Bis¬ 

muth. 

I Lead. 

7’(*. 

50-() 

25-0 

h-r, : 

12-5 

14!) 

20-0 

1 40-0 

i 40*0 

293 

50*1 

i 26-G 

13-3 

10-0. 

158 

10-0 

! 38-0 

1 43-0 

208 

38-4 

1 30-8 i 

15-4 

15-4 

160 

18'1 

1 36-2 

1 4.3-7 

, 304 

27-5 

27-5 

10-5 

34-5 

•I«7 

17-3 

34-(> 

48-1 

311 

.■)0-0 

34-5 

0-3 

0-2 

171 • 

l«-« 

3:!-2 

1 50-2 

316 


25-0 

50-0 

25-0 

187 

lC-0 

36-0 

48-0 

311 

riif'O 

31-2 ' 

18-1) 

— 

201 

l3-:t 

38-8 : 

45-0 

300 


— 

' 

ll-l 

203 

14-8 

40-2 1 

45-0 

307 

"ill-O 


25-0 

25-0 

203 

14-0 

43-0 ' 

43-0 

300 

47-0 

35-5 

17-5 ; 

- 

208 

13-7 

44-8 i 

41-5 

321) 

42*1 

42-1 

1.5-M 

— 

22(5 

13-3 

4()-() : 

40-1 

329 

4<l-() 

400 

20-(► 

— 

235 

12-8 

40-0 

38-2 

342 

3(1-5 

3()-5 

27-0 


24;i 

12-5 

50-0 ■ 

37-.5 

3.32 

33-3 

33-4 



253 

11-7 

46-8 ' 

41-5 

333 

30-8 

38-4 

;si>8 


206 

11-4 

4.3-() 

43-0 

320 

28-5 

43-0 1 

28-5 

-- 

270 

11-2 , 

44-4 

44-4 

320 

25-1) 

50-0 , 

25-0 

— 

300 

10-8 ! 

43-2 , 

46-0 

318 

23-5 

47-0 

2.>5 

i 

304 

10-5 

42-0 : 

47-5 

320 


44-4 

33-4 


280 

10-2 

41-0 ! 

48-8 

322 

21-1) 

42-D 

37-0 


280 

lo-o 

40-0 

50-0 

324 


TABLE CXLV. 

Materials for Fusion Pyrometers. 


Substance. 

Melting Point. 


c. 

° F. 

Hanuni carbonate 

795 

1462 

Sodium chloride ... 

773 

1426 

Calcium chloride . . . . . 

755 

1391 

Potassium chloride .. 

740 

1364 

Aluminium 

657 

1214 

1 molecule salt 4-1 molecule potassium chloride.. 

6.50 

1201 

Barium nitrate 

592 

1096 

Sulphur (boiling point) 

445 

833 

Zinc 

419 

735 

Potassium chlorate .. .. .. ..» 

370 

698 

Lead .. .. .. * 

327 

620 

Tin. 

232 

450 








662 AIRCRAFT AND AUTOMOBILE MATERIALS 

melting points ranging from 690° C. (or 1094° F.) up to 1890° C. 
(or 3434° F.) are employed in the forms of vertical cones or 
pyramids. The temperature intervals are below 30° C. in 
each case. 

A numbei? of these cones of progressive melting points are 
inserted ^in the furnace, and after an interval are withdrawn. 
If the correct range of cones has been chosen they will be 
found to have the appearance shown in Fig. 243, in which 



Fiu. 243. —Illustr-itinq the Principle op Seger’s Cones. 


cone D has collapsed, C is bent over, and If is slightly rounded. 
The correct furnace temperature in this case corresponds to the 
melting point of cone C. 

Expansion Thermometers. 

Temperatures varying from considerably below zero up to 
about 1200° C. may be measured by means of this type of 
instrument. Thermometers for the highest temperatures— 
namely, up to 1200° C.—usually employ the principle of measur¬ 
ing the expansion of an iron rod encased in a fireclay tube, or of 
graphite in an iron tube. 

For temperatures up to about 600° C., a potassium-sodium 
alloy is employed instead of mercury, using a hard glass 
tube. , 

For temperatures up to about 550° Q. (or about 1000° F.) 
mercury thermometers afe employed,with nitrogen as the gas 
in the stem, and in which very hard glass, or boro-silicate glass, 
is employed for th? bulb and the tube, 
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Fig. 244 shows a typical instrument* of this kind which is 
widely employed for ascertaining the temperatures of lead 


and salt baths, tinning baths, galvanizing 
and spelter baths, for soldering machines. 



etc. The section of the bore is elliptical 


and the space above the mercury is 
filled with an inert gas. The glass stein 
itself is proteiJted by an inner steel 
sheath, the spaces bct\TOcn the glass, 
the steel sheath, and the. outer tube 
being packed with insulating material, 
so that varying depths of immersion 
may be used without appreciable stem 
errors. 

The bulb chamber is of cast iron and 
the space between the bulb and the 
chamber is filled with copper dust, so 
that the heat is quickly conducted to 
the bulb and rapid readings may be taken. 
The outer stem is nickel plated. 

The scale is divided in Fahrenheit 
degrees from 210° to 1000°, but instru¬ 
ments for special ranges, and with more 
open scales for intermediate temperatures, 
are made. 

A useful thermometer of this class, 
which is made by the same manufacturers, 
is one for water and oil quenching baths, 
with a temperature range either of 30° 
to 220° F. or 100° to 250° F. The higher 
temperature range thermometers may 



also be used for ascertaining tempering 
oven temperatures, in which case the 
bulb is copper plated to a depth of 1 mm., 
and there is no outer chamber, so that 


I'm. 244.—I.M.MERSION 
Thermometeb foe 
Tempeeatuees up 
TO 1000" F. 


the thermometer is much more sensitive. A wire guard is 


supplied for protecting the bulb itself. 


♦ Made by the Cambridge Soientifio Inatrument Co., Ltd. 
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Recording Thermometer, 

Figs. 245 and 240 illustrate a useful form of self-recording 
mercury type of thermometer* capable of reading up to 540° C. 
(or 1000° P.J. 

The’steel bulb A and capillary tubeR are filled with mercury 
and oonAected up to a special form of Bourdon spiral C, which 
actuates, through a simple mechanism, the recording hand 
shown. 



Fi 3. 2^).—'J’iiE //. \Ni) J/. Thehhcmetek. 


The whole system is filled with mercury, and changes of 
temperatures of the bulb give rise to corresponding changes of 
pressure in the system, w'hich are magnified and recorded or 
indicated by means of the pencil mechanism shown. 

The circular charts used are 0| inches in diameter, and they 
are printed with uniform scale divisions; the chart speeds are 
so arranged that one cojnplcte revolution is made either in 
twenty-four hours or seven days, 

* The H. and M. Thermometer, made by the Cambridge Scientific In¬ 
strument Co., Ltd. * 
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Radiation and Optical Pyrometers. 

The principle of the radiation pyrometer depends upon the 
measurement at a distance of the heat of radiation omitted by 
the body whose temperature it is required to measure. 

It has been shown by Tyndall, Stefan, and others, that the 
heat energy radiated by a hot body varies as the fourth power 



Fm. 246.—//. \Nn Hf. THERMOMBTfiR Recorder. 


of the absolute tcmper^iturc,* and that black bodies (such as 
those with lamp-blaelj: or sooty surfaces) are better radiators of 
heat than polished or brjght bodies.* 

As the enclosures wdthin fuijiaees are true black bodies in <>'■ 

• Absolute temperature Centigrade = t°€ + 273. 

Fahrenheit =T°F+461. 
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the above sense, the above law may be applied to most indus¬ 
trial temperatures. 

This law may be expressed in the following manner: 

where R*, and R^ are the quantities of heats radiated from 
bodies at ab.solute temperatures of Tj and T, .respectively. 

With most radiation pyrometers it is only necessary to know 
the heat at any standard temperature, or to obtain a galvano¬ 
meter reading proportional to this heat, in order to be able 
to measure any other temperature. 



Fio. 247 .—Tjie Ftay Radiation Pyroivieter. 


Radiation pyrometers may be employed for measuring the' 
temperatures of any objects, and there is no real limit to the 
upper temperatures which can be measured; for example, the 
fusion points of carbon and tungsten (4000° to 3000° C.) may 
be readily measured, and this type of instrument possesses the 
advantage of being out of contact with the heated object, and 
can be operated at a distance, so that there is no possibility of 
damage arising through excessive heating. 

In most instruments the heat rays are focussed upon a 
spiral or thermo-electric junction, and the temperature is 
measured or recorded electrically. 
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The Fe'ry Radiation Pyrometer. 

This instrument consists of a telescope, as shown in Fig. 247, 
in which the heat rays A from the furnace are received on the 
concave mirror C and brought to a focus at N- It is necessary 
to employ such a mirror, as a glass focussing lens would stop 
a large amount of the heat of radiation and the fofSrth power 
law would not apply with any accuracy. Looking through the 
eyepiece E, the observer sees an image of the furnace in a small 
mirror, M, and is able to point the telescope on the exact spot 
at which the temperature is required. 



Fig. 248. 


A small sensitive thermo-couple is situated just behind a 
small hole in the mirror M and becomes heated by the rays 
passing through the hole. A special device is employed for 
focussing the telescope whereby two semi-circular wedge-shape 
mirrors are fitted, and if the focus is not correct the reflected 
image appears to be broken by the halves of the mirrors, where¬ 
as if the focus is correct a continuous image is seen; focussing 
is effected by means of a knurled-Beaded screw attached to the 
pinion F. 

The size of the object sighted must l)e at least 1 inch in 
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diameter for every 2 feet of distance between the telescope and 
the object with this particular typo of instrument. 

In a cheaper and less accurate form of this pyrometer, known 
as the “ spiral type ” the radiant heat is focussed upon a very 
small bi-metallic spiral, which controls the movement of a 
pointer wfcich swings across a scale calibrated in degrees of 
temperature. 



Fio. 248 a.—The F4ry Radiation Pyrometer and Stand. 

The action of the spiral, an enlarged vipw of which is shown 
in Fig. 248, depends upon the difference of expansion in two 
very thin dissimilar metals soldered together flat and then 
wound in the form of a spiral which tends to uncoil as the 
temperature rises. 

The latter type of instrument is self-contained, and is very 
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convenient for ordinary works practice. The thetfmo-electric 
type requires a galvanometer, and this may bo either of the 
direct reading class, or may bo arranged to automatically 
record the temperature. The.sc three types of radiation*pyro- 



Fiii. 219 .—Showing the Operation of the Radiation Pvrometf.r. 


meter—namely, the di^eot-readingj the self-recording, and the 
spiral, or portable, type are manufactured for three standard'^ i 
ranges—namely, from 500“ to 1100“ C., from (300° to 1400“ C., 
and from 800“ to 1700° C., respectively. 
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The Foster J'ixed Focus Pyrometer. 

The principal advantage of this pyrometer is that it does not 
require focussing; like the Fery instrument it employs a thermo¬ 
electric junction for measuring the heat of the focussed rays. 


A 



3 

Fig. 250. —Pkinciple of the Foster Fixed Focus Pyrometer. 


The principle of this instrument* is illustrated in Fig. 250, in 
which C is the focussing mirror and D is the thermo-couple; 
both are enclosed in a tube with dull black walls. The open¬ 
ing EF the entrance to the tube is provided with sharp 



Fig. 261.—Foster Fixed Focus Pyrometer Outfit. 


edges, and if lines be drawn so as to join the extremities of the 
mirror C with E and F, and these are'produced to the hot 
surface AB, the same effect on the thermo-junction D will be 
obtained at any distance provided tha* the lines OE and OF 
when continued fall on AB. The instrument is so designed 

• Manufactured by the Foster Instrument Co., Letchworth. 
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that if AB represent an object 6 inches in diameter the same 
reading will be obtained at any point within 5 feet of the heated 
body. 

Fig. 251 shows the standard outfit supplied, consisting of a 
pyrometer, connecting leads, and galvanometer, or direct read¬ 
ing indicator. ^ 

These outfits are su})plied for temperature ranges varying 
from 500“ to 1000° C. (or 000° to 1800° F.) up to from 800° to 
1600° C. (or 1500° to 2000° F.) in six steps. 


pyUOMtTW 



KlO. 2Sll.—RECOttDINO PrKOMETEK. 

The operating distance limit is fixed for each outfit; the 
maximum working distance should not exceed the diameter 
of the hot body, multiplied by a distance factor, the value of 
which varies for different instruments from 6 to 16. 

This pyrometer is also supplied with an automatic recorder 
in the form of a flat circular eh%rt, upon which an ink line is 
drawn, so that a tiine temperature record is obtained with 
radii as temperatures and peripheries as times. 

Another form of this instrument, khown as the “ double 
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purpose outfit,” shown in Fig. 252, is supplied for measuring 
the temperatures of molten metals, by immersing a closed 
fireclay or refractory tubd forming one end of the instrument 
in the molten metal, so that it is heated to the same tempera¬ 
ture and radiates heat to the sensitive part of the receiving 



Fitt. 252. -The Fo.steii Double Purpo-se Pyrometer Outfit. 

tube, or thermo-couple telescope, situated at the other end, 
the temperature being either automatically recorded or read 
off directly. 

The Cambridge Optical Pyrometer. 

Some pyrometers work upon the optical principle, and employ 
either photometric or spectroscopic measurement devices. In 
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most of thoso instruments the method of operation consists in 
matching the brightness or colour of the source to be measured 
with that of a standard flame or light. 

In the (Cambridge instrument temperatures ranging from 
700° to 4000° C. may be conveniently and accurately measured 
by unskilled operators. t 

The outfit as shown in Eig 2.53 consists of the pyrometer A, 
which includA the ojitieal .system, the electric; lamp providing 



Fig. 253.— The C.MiisRindE Oiticil I’uioMErEii Oemr. 


the standard source of light, and the shield carrying the tem¬ 
perature scale and pointer, together with a 4-volt accumulator, 
ammeter and regulating resistance in the case C, and a standard 
lamp 7) and tripod E. 

The instrument may bo regarded as a photometer, in which, 
by simply rotating the eyepiece, a beam of selected mono,? 
chromatic light from the hot body is adj usted to equal intensity 
with a beam of similar light from an' incandescent electric 
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lamp. It is not a colour-matching device, but depends upon 
the application of the principle of the fourth power law of 
radiation previously referred to. 

Behind the enlarged part in the front of the pyrometer in 
which is fitted' the electric lamp are two holes. Light from 
the object^under observation passes through one, and light 
from the lamp through the other. These beams of light then 
pass through a system of lenses and prisms, and are polarized 
in different planes, and rendered monochromatic. Finally the 
two beams of light pass through a single ocular. The observer 
sees an illuminated circular field divided into two semi circles. 
One semi-circle is filled by an imago of the hot body under 
observation, and the other is uniformly illuminated by the 
electric lamp. The two semi-circles are brought to an equal 
intensity of illumination by turning the eyepiece to which the 
scale pointer is directly attached. In this manner the un¬ 
known rays are compared with those of known intensity from 
an electric lamp. 

The ammeter and regulating resistance supplied, ensure that 
the current through the lamp, and therefore the candle power, 
remains constant; the accuracy of the candle power may be 
readily checked in relation to that of a standard amyl-acetate 
lamp which is supplied. 

The standard scales provided with this instrument range 
from 700° to 1400° C., 900° to 2000° C., 1200° to 2500° C., and 
1400° to 4000° C. 

Thermo-electric Pyrometers. 

When the junction of a pair of dissimilar metals is heated 
an electromotive force is developed, and by measuring the 
amount of this potential, in the case of certain suitable metals, 
the temperature may be deduced. , 

The relation between the electromotive force E and the two 
temperatures Tj and of the two elements of the couple may 
be expressed in the following form, namely: 
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where a and b are constants for the particular metals used, the 
values of which may be readily found by measuring the values 
of E, when the couple is inserted in substances of known 
melting points;* two observations only are necessary. It has 
been shown that for platinum and platinum-rhbdium thermo¬ 
couples, the second term b [Ty-T^) is practically negligible 
when temperatures exceeding about 300° C. are employed, so 
that the relatifln between the electromotive force and tempera¬ 
ture T becomes a linear one and may be expressed as: 

T, 

where Oj and are constants. 

The metals employed commercially for thermo-couples con¬ 
sist of “ rare ” metals, such as platinum and platinum alloys 



Fia. 254. 


with rhodium and iridium, for measuring high temperatures, 
and “ base ” metals, such as iron and iron-nickel alloy, etc.t 
The various temperature ranges corresponding to these 
metals are indicated in Table CXLII. 

The use of rare metals is usually confined to scientific investi¬ 
gations and to the measurement of temperatures over about 
1000° C., and of base metals tor temperatures below 1000° C. 

The thermo-couples are enclosed in quartz or porcelain tubes 
when the temperatures to be measured exceed about 800° C., 
and in steel sheaths Ivhen the base metal couples are used. 

The “ cold ” juilction of the couple (Fig. 264) is usually 
situated in the head of the pyrometer, and is provided with a 
shield, or proteQtion of non-conducting material, so that the 
• See p. 656, f For other thermo-couples Bee Table CXLII., p. 65B. 




676 AIRCRAFT AND AUTOMOBILE MATERIALS 

junctions of the thermo-couples, terminals, and leads may all 
be at the same uniform temperature; in some cases the cold 
junction is water-cooled, so that the conditions of calibration 



■Fio. 255 .—Illu.stkatino .Metiiod or usisg Tiiermo-Eiectiiig I’YEO.METun 
Outfits. 

are obtained. It should be pointed out that errors will arise 
if the cold junctions vary in temperature appreciably from 
their calibrated temperatures. 
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Twin, or twin-boro fireclay tubes are employed between the 
hot junction and the cold junction in order to insulate and to 
protect the wires. 

The thermo-electromotivo force may be measured either on 
a galvanometer or may bo arranged to automatically record 
itself upon a chart. The types of direct-reading galvano¬ 
meters usually employed commercially are the moving coil 
mirror or indie^or types. 



Pig. 265 shows a typical thermo-electric pyrometer outfit,* 
with a direct reading indicator tyi)o of galvanometer, whereby 
the teniperatures of the furnace are read off directly on the 
scale. 

Fig. 256 illustrates l)he principle of one of the best automatic 
temperature recorders, known as the “Thread Recorder,” 
and in which the pointer A moving about an axis R of a sus¬ 
pended coil galvanometer is automatically depressed by clock- 
* The Cambridge Scientific Instrument Co., Ltd. 


37 
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work at definite intervals upon an inked thread O, which passes 
between the drum C and the pointer. In this manner an ink 
dot is made upon the slowly rotating drum C, corresponding 
to the temperature as indicated by the pointer. 

Fig. 257 illustrates the complete recording apparatus, 
showing the drum with a temperature record chart in place; 
the drum imrthis case is arranged to make one revolution in 
either two hours five minutes or in twenty^five hours, by 



Fio. 257. —Tuermo-ececthic Recording Apparatu.',. 

means of a simple change speed device. The standard tempera¬ 
ture ranges vary from 0° to 300° C. up to 0° to 1400° C. in six 
intermediate steps. 

It is possible to arrange for two or more coloured inked 
threads to work upon the same drum, together with an auto¬ 
matic mechanism to switch in two or more thermo-couples 
and to bring the corresponding threads under the galvano¬ 
meter needle, so that two or more records can be made upon 
the same chart. 

It is an advantage of the thermo-couple that not only may 
the temperature at a point in a mass of metal be measured, 
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but that, provided that the wires forming the junctions are the 
same, any number of pyrometers may be attached through a 
suitable switchboard to a single indicator; in this manner it is 
possible for one operator to ascertain the condition of a number 
of furnaces, from any selected spot, such as an ofiice, provided 
with the necessary galvanometer or recorder. , 

The Electric Resistance Pyrometer. 

The prineijdc of this ])yrometcr* depends upon the fact that 
the resistance of a piece of jilatinum wiie increases with the 
temperature, and that if the lifw of incnaise is known the 
temperature may be found by measuring the I'esistaneo. 

Many substances, such as constantan, | show little, if any, 
resistance increase, whilst others, such as carton, actually show 
a diminution as the tem])eraturc is increased; platinum in its 
|mro state is, how<wer, the only satisfactory metal to use tor 
resistance ]ryrometers. 

This ty])(> of pyrometer can be used for temperatures varying 
from - 200“ to about 1200“ C., and it is the most ae<mrate type 
employed, for it is easily ])ossibl(^ to measure temperatures 
to within one-tenth of a degree (.h 

The relation between the resistaiu'e 1{ and temperature T 
may be expressed as follows: 

J{=^a + bT + cT^, 
where a, b, and c are constants. 

The relation between the j)latinum teniperature /y as 
measured upon the assumj)tion of an uniform increase in 
resistance with temperature, and t the true temperature on the 
gas scale is given by— 

1/ < V <1 

(VTooj ''Toiij 

Where 5 is a constant which has a value of about 1-5. This 
relation enables correetions (t - pd to bo found and applied 
to the observed readings. 

It is usual to measure the resistance with a form of potentio- 

* First used by Sir W. Siemens in 1871, and afterwards perfected and 
applied by Prof. H. L. Caliendar. , 

t An alloy consisting of 60 per i;ont. copper and 40 per cent, nickel. 
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meter, or Wheatstone bridge, or to obtain direct readings with 
a form of Wheatstone bridge, known as the Whipple indicator, 
by means of w’hich direct temperature readings may be 
obtained with great accuracy. 

1 



In the Callendar form of recorder, shown in Fig, 260, the 
principle of the Wheatstone bridge is employed, but instead of 
the bridge having to be balanced by hand, this is automatically 
done by means of the recorder mechanism. 
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In the usual form of resistance pyrometer the platinum wire 
is wound upon a cruciform-shaped mica frame, and the ends 
of the wire are connected to the head of the instrument by 
means of copper leads passing through mica disc insulators or 
separators. As the resistance of those leads varies with the 
temperature, and this effect would seriously aff(«^ the read¬ 
ings, a pair of exactly similar copper loads is provided and 



Fio. 200.--HE™RDiN(i App.\kvcus o,sei) with Fcatinuh Resistance 
Thekmometeii. 

connected to another pair of terminals in the head, and thence 
to the opposite arm of the Wheatstone bridge; in this way the 
copper-lead resistance is automatically compensated under all 
conditions. • 

The platinum coil and leads are protected from the action of 
the furnace by enclosing them in a porcelain or quart/ tube, 
usually with an outer removable steel sheath. 
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In the Cambridge form of instrument shown in Figs. 259 
and 261. the terminals are enclosed in an aluminium head 
with a sliding cover, and the leads are brought out at right 
angles to the stem; in many cases it is necessary to employ 
armoured cables or leads for the first few feet leading from the 
pyrometei; to a junction box, and to then continue from this 
box to the recorder with flexible-braided or lead-covered cable. 



Fia. 261 .—Platinum Resistance Thekmometer (Outside View.) 

In the Siemens resistance pyrometer the platinum wire is 
wound upon a special fireclay, and is protected from damage 
by surrounding it with magnesia and ■encasing it in an iron 
tube. A single compensating lead is employed, which is joined 
up in the measurement device so as to compensate for aiiy 
variation in the ordinary leads. 

In the Leeds-Nofthrup form of instrument the platinum 
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wire is wound upon lava, and a differential galvanometer is 
often used for measuring the resistance. 

A type of indicating galvanometer and bridge known as 
Harris’s indicator* is designed for use with the platinum 
pyrometer, and it possesses the advantage of gfving tempera¬ 
ture readings direct, without any experimental adjustment. 
A series of step resistances are provided, so that the tempera¬ 
ture range carfbe varied by 100° C. at a time, and in the later 
forms an electrical control renders this process practically an 
automatic one. • 

* Made* by Moasra. R. W. Paul. 



CHAPTER XI 

METAL JOINING PROCESSES 

< 

Metal Joining Processes. 

MbtalS, efchcr similar or dissimilar in (■om))osition, may be 
joined together in many ways, depe,tiding upon the eoinjiosi- 
tions of the metals and the jnirposes for which the finished jiarts 
are required. The chief methods employed commercially arc 

i 

as follows: 

1. Soldering or melallic cement processes, in which a solder of 
a lower melting point and dissimilar composition to that of the 
tu'o metal parts to be joined is employed, and which forms a 
true alloy with the surface metal of the parts. This iiroeess 
includes soft soldering and hard soldering, tir brazing. 

2. Autogenous fusing, or ivelding, in which the two parts to 
be united are heated and liquid metal of the same composition 
is run around the mass, or the parts are heated to the fusion 
point and the surfaces are caused to adhere by pressure or 
by hammering. 

3. By cohesion, under pressure, in which the perfectly clean 
surfaces are heated, but not to fusion point, and pressed to¬ 
gether in a rolling mill or press.* This method is em])loyed 
for joining soft ilietals, such as load, iron, and steel, and for 
making compound sheets of different metals. Eor example, 
compound tin-lead sheets are used for domestic bottle capsules, 
aluminium-copper for spun work, and in the case of nickel and 
steel, copper and steel, nickel and zinc sheets, etc. This latt(!r 
process is somewhat outside the scope of the present work. 

The above methods (1) and (2) empky a wide range of 

* 

* A good example may sometimes bo had *m the case of cleaned iron 
sheets which have been annealed; it is often found that the bottom sheets 
are firmly united under, the weight of the sheets above, and cannot be 
separated. 

584 
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working temperatures, and, generally speaking, the higher the 
temperature of the process, the stronger will be the junction 
of the parts united. The following table will give an jdea of 
the temperatures of the principal methods mentioned : 


TABLE CXLVI, , 

'I’emperatuee.s and Application.s of Different Metal 
• JoiNiNcj Processes. 


Process. 

Tniiprrntiire 

Fewter soldenng 
Soft soklenng 
(tmiium’s) 

1 

!)() to 130 
180 to 230 

Soft soldenng 

(plumhf'i’s) 
Silver .soldering 

240 to 2!)0 

800 to 1)50 

llra/dng 

840 to 920 

Flee trie arc 
W'clding 

3400 to 3fi00 

Rlectru^ resist¬ 
ance welding 

2000 to 3000 

0.\y - acetylene 
welding 

2400 to 2000 

Oxy-coal gas ! 

welding ^ 

Oxy * hydrogf'ii | 
welding 

Thermit wehling ' 

900 to 1500 

1500 to 2200 

3000 


. 1 


For jicnoral pewter worlv. 

For pipes, tubes, brasses, unKms, and most 
general jinrposes* St<*(‘l, eo]t]H!r, and 
brass. 

IMunibing work in general. 

For strong joints, ])eirol and od unions, 
llanges, instruinei/t work, aero, tittings, 
jewt'llory, etc. 

For iron and steel pipe work, llungo.s, 
rcpnir.s, bicyole lugs, clips, and littings. 

For tube and barrel manufaidiire, tilling 
steel castings, boiler plati's, cracks, and 
rc]>airs. 

For nvct-wclding, butt-welding, spot an<l 
roller welding barrels and containers, 
tiange.s, doine.stic ware, tubes, tanks, and 
all gfuieral work. 

For geiK'ial worksboj) and iiortablity 
purposes. Automobile repairs and lit¬ 
tings, aero, clips, sockets, etc. 'J'libcs r.n<l 
barrels. 

Alotal cutting, high-]>re.ssuro littings, etc. 
Thin i)late work, lead-burning. 

Metal cutting, thin sheet metal work, lead 
work, building u]) ^vorii sui-faces. (‘tc. 

I’or large and outdoor r(‘])aii‘s, rail joints, 
tyres, ship repairs sucli as stemjiosts, 
rudders, etc. 


There is, of course, an appreciable latitude in the tempera¬ 
tures employed for soldering and brazing, depending upon the 
compositions of the ffldders themselves. 

It is often inadvisable, and sorruitimes impossible, to employ 
the high temperatures required for welding, owing to the risk 
of internal stresses, and the “ burning ” of the metal in the case 
of alloy steels and alloys in general. Further, it is not always 
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possible to employ brazing processes for high tensile and alloy 
steels, which only develop their full strength after suitable heat 
treatment. 

Soft Soldering. 

For many aeronautical purposes, steel and brass tubing, 
plates, an‘d other parts are conveniently soldered with a low 
melting point tin-lead allo}'. The proccssi posse.ssos the 
advantages of (a) ease and convenience, without excejitional 
skill being required, and {b) freedom from the risk of affect¬ 
ing the temper or composition of thejiarts to bo joined. Pro¬ 
vided that suitable soldering areas are allowed, and that socket 
clips and similar parts to be soldered are properly designed,* 
very strong and pc'rnianent joints may be made.f 

In the case of thin tubing joints, the low temperatures 
employed are not likely to affect the strength of the metal, or 
to oxidize same, as in the cases of brazing or welding. 

The method emiiloyed for joining two parts by soft soldering 
is to first clean the parts thoroughly and then heat them to 
about 200° C. in a non-oxidizing flame or atmosphere,}; the 
temperature being just above that of the fusion point of the 
solder itself. The solder is then applied either directly or upon 
a heated tinned-copper soldering bit, using at the san)o time a 
suitable flux (for dissolving the oxides and keeping the solder 
molten). The surfaces are each soldered in this manner, then 
heated to the same temperature as before, wiped or cleaned of 
superfluous solder, and pressed, pinned, or clamped together 
and allowed to cftol. 

It is essential to employ a good solder of tin and lead entirely 
free from zinc, as the latter thickens the solder and forms a 
scum or oxide, which the ordinary fluxes will not dissolve. 

The layer of solder between the joints should be as thin as 
possible, and during soldering the surfaces, if flat, may be 
rubbed together, as it has been found that the “ wetting ” of 

* See page 423 et seq. • 

t Aeruplano ateel tubular fuselage frameworks, tail, rudder and control 
area frames, airship gondola frames, etc., arc frequently built up of soft 
soldered and pinned tube^ and sockets. 

I Electrically heated soldering bits possess an advantage in this respect. 
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tho surfaces is then more perfect, the joint accordingly being 
stronger. The soldering bit is useful for small articles and 
surface.s, but for larger parts, such as brasses, lugs, and fittings, 
the parts them.selves should bo carefully heated in a suitable 
muffle, bunsen, or blowlamp flame. Electrically heated bits are 
very convenient for small work, and possess the adyantage of 

keeping the soldered or tinned portions clean. 

« 

Compositions of Soft Solders. 

Most soft solders are alloys of lead and tin in different pro¬ 
portions, and with correspondingly different melting jioints.* 
Antimony is frecjuently present in tinman’s solder, and gives a 
rather stronger joint. 

The melting point of soft solder may be rai.sed by increasing 
the lead content, and lowered by increasing tho tin content. 
Lead melts at ,'{25“ (J., whilst tin melts at 232° C. 

The addition to tin-lead solder of bismuth, and in .some cases 
of cadmium, increases the fusibility of the solder, that is to 
say, lowers the melting point. Thus, ordinary pewtering 
solders, which are amongst the most fusible of those employed 
lor .soldering, contain about 50 ])er cent, of bismuth, 20 jier 
cent, of tin, and 30 per cent, of lead; it ha.s the lowe.st melting 
point of the serie.s- namely, 00“ C. 

Table (JXIjVII. gives the compo.sitions of most of the soft 
solders used in practice, together with their principal apjflica- 
tion.s, whilst Tables CXXV. and CXXVI. on p. 500 give 
the compo,sitions and melting jioints of bismuth-tin-lead and 
lead-tin alloys, respectively. ' 

A very useful lead-tin solder for tubular socket and general 
aeroplane work is one coinjiosed of 60 per cent, of tin and 
40 per cent, lead; ordinary “ Eluxito ” paste forms a good 
fluxing medium. 

Soldering Fluxes. , 

The function of the Jlux is to kdcp tho surfaces to be united 
clean, by dissolving the oxides formed, and to promote greater 
fluidity in the melted solder. 


* Hee Fig. 141. 
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TABLE CXLVII. 

Compositions and Melting Points of Soft Solders. 


Composition. 

Melting 

• 




A pplications. 

Pomt. 




Tin. 

1 Lead. 

; liismuih. 

° c. 

0 

loo 


325 


10 

80 


305 

' 

20 

1 , 

[ — 1 

2S0 

/Coarse plumber’s Bolder. 

! Fine pluinlior’s solder for seams, angles, 

30 ; 

70 


200 i, 

40 j 

(>0 

1 

237 

1 etc. “ 

1 

50 i 

50 

I 

212 i 

rCoarse tinman’s solder, ordinary co])])er 

1 bit. 

1 Fine tinman’s solder, ordinary blow- 

«)0 

05 ' 

40 

35 

' 

100 ' 
180 i 

75 

SO 



1 

[ pipe. 

20 


ISO 1 

j 1^’ine and hard solders for blowjiipes. 

20 

30 

50 

00 

Pewter solder. 







Fluxos may be either solid, liquid, or in the form of a jiaste. 
The li(iuid flux most commonly em])loyed is that known as 
" killed spirits,” or chloride of zinc; it is made by adding 
granulated zinc to hydrochloric (or muriatic) acid until all 
effervescence ceases. It is used lirincipiilly for co])j)er and 
brass-soldering w-ork. 

Another excellent liquid flux* is made by maci-rating flux 
shimmings from galvanizing pots with weak hydrochloric acid. 
The solution, after filtering, is ready for use, and is very suitable, 
on account of the pri'scnce of chloride of ammonia. liiquid 
fluxes are never .employed in aeronautical or el-ctrical work 
or in any instances in which there is any difficulty in thoroughly 
cleaning the soldered parts, owing to their corrosive or rusting 
effects; there is always present the danger of an excess of the 
acid, which will attack metals such as steel and brass. 

Resin and tallow are example.s of solid fluxes, and th(‘sc are 
not open to the previous objections; thdy are chiefly employed 
for aeronautical and electrioal work, and for lead and tin pipes. 
It is necessary to thoroughly cleanse the surfaces before using 

* “ The Joining of Metals,” A. E. Tucker, Journal of Inst, of Metals, 
1812. 
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these fluxes as, unlike liquid fluxes, they have no self-deans¬ 
ing properties. There are many soldering pastes u])on the 
market which are very convenient for soldering purposes, but 
in many cases zinc chloride forms a constituent, and the same 
precautions are necessary as in the case of the liquid fluxes. 

A typical flux paste consists of starch and zim^ chloride, 
mixed together until in the form of a paste; another widely 
used flux is mhde by mixing vasdine, or petrolatum, with 
saturated chloride of zino in the proportions of 1 pound of the 
former to 1 ounce of the latter. 

Solderine is the name given to solder in the form of tubes or 
hollow rods filled with resin, so that the solder and flux are 
combined. , 

Strength and Hardness o£ Solder. 

The strength of a soldered joint depends upon the composi¬ 
tion of the solder and upon the thickness of the layer of solder. 
For the best strength results the layer should be as thin as 
possible- namely, from O-OOfl to 0-008 inch in thiidcness. 

The strength of a properly soldered joint may be as high as 
3-5 tons per square inch reckoned superfiidally—that is to say, 
the shearing strength; the average value may be taken as being 
about 2-.5 tons per suj)erficial inch, with 60 tin and 40 lead 
solder, using fluxite. 

The hardness of various tin-lead solders* is given as follows: 


TARLE CXLVUI. 
Hardness of Tin-Lead Solders. 


Percentage of tin 

0 

10 

20 

30 

40 

60 

GO 

Brinell hardness 

(500 kg.) 

3-90 

10-10 

12-16 

14-40 

15-76 

14-00 

14-58 

Percentage of tin 


““67 

68 

70 

80 

00 

100 

Brinell hardness 
(500 kg.) 

16-66 

15.-40 

14-58 

’15-84 

15-20 

13-25 

4-14 




* Kent’s Pocket Book, p. 409. 
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Hard Soldering. 

This process refers to the soldering of metals, using harder 
solders and higher temperatures, so that stronger joints result. 

It is the method employed for making up tubular structures, 
such as bicycle frames, torque tube joints, etc., and where the 
temperatui'es employed are not detrimental to the metal parts 
it invariably gives a stronger joint. The process cannot always 
bo employed W'ith alloy and high carbon steel parts requiring 
special heat tn..'atment afterwards. 

Silver soldering is a process of hard soldering with a soldi'r 
composed of copper, zinc, and silver, using powdered borax, 
or borax and carbonate of soda, as a ilux. An exeitlent silver 
solder for strength and reliability is one compound of 00 per 
cent, silver, 23 per cent, copper, and 17 per cent, zinc; this 
solder is very liquid when molten, and therefore readily Alls up 
interstices between the joints. 

The following table gives the compositions of some, typical 
silver solders: 

TABLE CXLIX. 

Compositions op Silver Solder.s. 


Comfosition ptr Cent. 
Silver, j Copper. I Zinc. 


5 to 10 
45 

30 

3B*5 

9 

80 

75 

50 


95 to 90 ' 
55 

50 

46 

43 

20 

25 

50 


J pplications 


20 

15-5 

48 


For thin iron and mdd steel sheets. 

A tough alloy for mstrutneut makers, very 
Iluid. 

For small brass work. 

For bronze and nickel silver. 

For general work on copper alloys. 

Hardest solder. 

For general use. 

Softest silver solder; will not burn. 


Silver solders are employed for solderfng^iron, steel, copper^ 
silver, gold, and their alloys.; for soldering turbine blades into 
position; for high pressure and temperature small pipe con¬ 
nexions; for petrol ^ipc nipple joints; and similar purposes. 
For automobile and aircraft pipe joints and connexions, silver 
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solder is to be recommended, owing to its fatigue resistance 
and reliability; soft soldered petrol and oil-pipe joints in¬ 
variably fracture with repeated vibration. Brass pipts arc 
sometimes made by bending a sheet of brass into circular form 
through rollers or dies, and fixing the solder in the form of wire 
of suitable composition in the overlap with borax, (^n passing 
the work through a furnace in which it attains a red heat, the 
solder runs and’makes the joint; the flux is then removed by 
dissolving, and the tube drawn through dies in the usual way. 
Joints in beaten metal work; such as the trunipets and horns 
of musical instruments, are made with hard solder of suitable 
composition, and colour. 

Brazing. 

Brazing is the name generally given to the process of hard 
soldering of copper, brass, iron, and steel with solders consist¬ 
ing of copper, zinc, and tin or nickel. .The basis of most of 
these commercial solders, or “ spelters ” as they are termed, is 
brass, and their melting points range from about 840° to 920° C. 

The higher the proportion of zinc in the spelter, the lower the 
melting point becomes, and the more applicable is the spelter 
for alloys of a low melting point; it does not pay, however, to 
employ more than about 45 per cent, of zinc, on account of the 
brittleness and weakness of the product. 

The percentages of zinc for brazing iron and cojiper work 
are 35 and 40 respectively. 

The composition of commercial brazing solders varies from 
61 to 33 per cent, of copper, 39 to 00 of zinc, and from 0 to 
14 per cent, of tin. Load may be present up to as much as 
3 per cent. 

The higher the proportion of copper present the higher w'ill 
be the melting point, w’hilst the effect of tin in spelter is to 
whiten it. Tin solders •should not, however, be used for iron 
and steel owing to the deleterious jsffect of the tin tipon the 
metals. 

It is important that the composition of the brazing solder 
should approximate somewhat to that of tlfe parts to be joined 
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for maximum strength conditions, as in the case of brazing 
solder for high pressure steam pipes. 

The following are the compositions of some typical brazing 
solders: 

TABLE CL. 

V CoMPosiTioiis OP Beazino Soldeks. 


Compontion per Cayit. 


Copper. I Zinc. Tin. 


Nickd. 


Applications. 


GO) 

()0 

50 

37-5 

35*0 

57-5 


34 

40 

50 

50 

57 



— Hardest, suitable for iron and steel. 

— Hard, suitable foi- iron and copiier. 

— ! Ordinary spelter, for brass and copper. 
12*5 V 

S*0j i solders, for nickel silver and iron 

— : White .solder foi bra.ss; more fusible than 

spelter. 


Applications of Brazing. 

Brazing is used for a largo number of purposes in commercial 
W'ork, but is not used to any great extent, except ff)r repair 
work in automobile or aircraft work. Bicycle and car frames 
are often made up of separate components brazed together, 
the parts being pinned w ith special pegs in order to hold them 
together and in the correct positions. Brazing operations are 
usually conducted in a gas forgo or brazing hearth provided 
with suitable temperature regulation means, and it is an 
advantage if a reducing atmosphere can be employed. 

The borax flux employed leaves a very hard slag, or scale, 
upon brazed joints, which can only be removed by filing, 
pickling, or sand-blasting. 

There are, at present, several metliods of brazing in which 
the parts are dipped into a bath of molten spelter, the metal 
being prevented from adhering to the si’rfaces other than those 
to be brazed by coating thepi w ith blacking or similar composi¬ 
tions; these methods are economical and lend themselves to 
quantity production work. The joints made in this manner 
are more uniform, alid there is no possibility of internal stresses 
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owing to the general nature of the heating, as distinct from the 
ordinary local heating of the blow-pipe or forge. 

Another successful method is an electrical one; it consigts in 
connecting the two parts to be joined with the terminals of a 
dynamo. When the current is switched on, tlfe parts, on 
account of their high resistance, become heated to a brazing 
temperature, and the brazing wire, or spelter, which has been 
previously placed over the joint is melted, and fills the vacant 
spaces in the joint. WithHhis system a reducing atmosphere 
of hydrogen, nitrogen, or coal gas may be employed, and 
fluxes dispensed with. . 

Pieces of high-speed tool steels are often hard-brazed into 
iron or mild steel shanks suitably milled out ^o receive them, 
using strips of copper between the joints to be brazed, and a 
special flux. The whole tool is then raised to the welding 
temperature of the copper, and the joint is made. The tool 
steel can then be hardened and tempered, in the ordinary 
manner, since the temperatures employed are much below 
those of the melting point of copper. This method is probably 
applicable to other steel and iron joints. 

Brazing Cast Iron. 

In the ordinary way it is very difficult to braze oast iron 
on account of the carbon present, and of the oxides formed 
during the process; special fluxes are now available for cast 
iron work, and with special care fairly good joints can be made. 

A process invented by Pich* for performing this operation in 
an ordinary smith’s hearth, consists in decarburizing the 
surfaces of the cast iron parts to be united during the brazing, 
and in bringing the molten brass solder into close contact with 
the cast iron surfaces at the same time. 

A copper oxide mixed with borax and in the form of a paste 
is used for decarburizing,the surfaces; this paste is applied to 
the surfaces of the csfet iron after they have been thoroughly 
cleaned. The parts to befbrazed are held in position with iron 
Vire and heated, when the borax is first melted and protects 

* A description is given in “ The Joining of Metals,’’ by A. E. Tucker. 

38 


I. 
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the surfaces from oxidation: it also prevents the copper oxide 
from being attacked by the oxygen of the air. As the heating 
proceeds the oxide of copper fuses and liberates its oxygen, 
which combines with the carbon of the cast iron, with the 
formation ol carbon monoxide and dioxide, and the liberation 
of copper, which in its turn combines with the brazing brass; 
the new brazing compound, which now possesses a highei 
melting point, combines with the dccarbunzed iron. Verj 
strong joints giving almost the same tensile strength as thai 
of the east iron itself are obtainable with this method. 

Welding Processes. 

The principle of all welding processes consists in locallj 
heating the surfaces to be united until the fusion point i: 
reached, or in running liquid metal of a similar character int< 
the joint. 

't'he temperatures employed are high, being the fusion point 
of the metals themselves, and in some cases a higher flami 
tcmjieraturc is necessary to take account of the loss of hea 
fronr the surfaces by coirductivity, etc. 

Welding processes are in general ajrplicable to elementary 
metals such as iron, copper, aluminium, and lead, and joint 
of practically equal strength to that of the metal itself ai-i 
generally obtainable, with suitable precautions. For alloys 
such as carbon and alloy steels, bronzes, and aluminium alloys 
the results of welding arc not always .successful or reliabl 
owing to the composition of the metal at the surfaces of fu.5ioi 
being altered; it is well known, for example, that inediun 
carbon steels are difficult co weld, and that high carbon steel 
are non-weldable. 

Low carbon steels are readily weldable, but great care, i 
necessary in order to prevent local overheating and the inolu 
sion of slag or oxide from the melton metal in the wel 
itself. 

The properties of a welded joint'cannot bo stated from 
superficial examination, and very often what appears to be 
perfect joint from'the welder’s point of view will reveal seriou 
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defects under the microscope, or when subjected to tensile 
and bending tests. 

Welding in Aeronautical Work. 

In aeronautical work it has become the practice to employ 
welding processes for unimportant parts only, or parts in which 
the joint is in compression only, such as strut sockets, clips, 
engine plate Stiffening ribs, compound edge-welded wiring 
plates, etc.; welded jointe for important work should never be 
employed for tensile, shear,* or bending stresses. 

It is important also to avoid any internal stresses in the 
welded parts, due to the intense local heating at the joints: this 
may be partially remedied by an initial gei:),cral heating of the 
parts, and by subsequent annealing. It should be added that 
several of the recent adaptions of electrical methods have given 
fairly consistent strength results, rendering them apj)licable to 
many hitherto precluded types of work. , 

Welding Methods. 

There are four important nu'thods of wehling employc'd in 
practice—namely: 

1. Electric Welding, using the electric arc, or the electric 
resistance heat. 

2. Flame Welding, using the combustion heat or flame of 
gases or vapours, such as hydrogen, acetylene, benzol, or 
petrol. 

3. Thermit Welding, in which the heat of combustion of 
powdered aluminium and iron oxides is utilized. 

4. Hand or Smithy Welding. 

These methods will only be briefly considered here owing to 
their somewhat limited application to automobile and aircraft 
work, although they arc adaptable for repair work. 

• 

Electric Welding Methods. 

There are several well-known electrical systems in use, 
depending upon the electric arc flame, or the electrical resist¬ 
ance methods; these methods in general necessitate the use of 
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special machines and fittings, which may be either fixed foi 
production work, or portable for repairs and work upon large 
objectsv 

The Electric Arc Method consists in directing the flame of a 
carbon or metallic arc upon the parts to be welded, either by 
moving the carbons or by employing a magnet to deflect the 
flame. 

The Carbon Arc Method .—The temperature 'of the carbon 
arc flame is about 3400° to 3600° C., according to the pressure 
employed, the former value referring to atmospheric pressure. 

The metals to be welded are brought to the fusion point, and 
the joint is filled with the melted welding metal, which is in 
the form of a strip or rod. A direct current is nearly always 
employed, and as the heat upon the positive side of the arc is 
generated nearly three times as quickly as that from the nega¬ 
tive side. The positive side forms the welding one. 

In the Bernardos system the work is connected to the posi¬ 
tive lead and the carbon rod forming the negative polo is fixed 
in an insulated holder. The arc is “ struck ” by touching the 
work with the negative carbon rod, w'hich is then withdrawm 
to a certain distance depending upon the current used. 

The voltage employed with the carbon arc systems is about 
!!0, and the current varies from 50 to 500 amperes according 
to the class of work. A direct current only is employed for 
carbon arc systems. The diameter of the carbons varies from 
0-5 to 1-5 inches according to the current value. 

The current in this system is regulated both by means of a 
suitable regulating resistance and by manipulating the arc. 
The light and heat from the arc itself are very intense, so that 
the operator requires special gloves of the asbestos or heavy 
leather gauntlet type, and a mask or helmet provided with a 
screen for cutting off the ultra-violet rays. 

The arc itself should be about 2 to 4‘inches in length, and 
the operator should endeavour to hold the ckrbon at the correct 
distance for giving a steady and quiet arc; if the arc is too 
short the metal boils and spurts, whilst if it is too long the arc 
wanders, and much "of the heat developed is wasted. The 
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material of the positive electrode (in this case, the work itself) 
is carried across the arc in the form of a vapour, and is de¬ 
posited upon the negative polo; there is also some possiTrility of 
the carbon itself being deposited upon the mpltcn metal of 
the weld during the process. 

The carbon arc method has been successfully aji^lied to the 
process of filljjig up blow-holes in steel or iron castings, and 
when properly carried out gives very satisfactory results. 

Butt-joints are made by butting the pieces of«iron or steel to 
be joined, and adding pieces of smtu]) of the sanus coni])osition; 
the arc is then applied and worlccd along the joint, melting and 
fusing the scraj) metal. The thickened joint is generally 
swaged whilst still at welding heat, the eai5)on and the swage 
being used alternatively. In the case of lap joints, metal is 
added so as to level olf the angle (uid of the lap. 

In the Zerene.r process the arc is struck between two carbons 
inclined at an angle to each other, and the arc formed is 
deflected on to the work by means of an electro-magnet: this 
is similar in eilect to a blow|)ipe flame. There is a tendency 
with this system of carbon being carried on to the welded 
joint. 

The carbon arc method has been successfully applied to the 
manufacture of steel oil drums,* tubes, boilers, cast iron 
repairs, copper welding,t and other work. 

Metal Arc Systems. 

There are several systems, such as the "Blavianolf, Quasi- 
Arc, and Alloy Welding Processes, in which cither a bare metal 
electrode is employed in place of the carbon one in the previous 
system, or a metal electrode covered with a refractory or 
fluxing material or a combination of both. 

In the 8lavianoff»or bare metal electrode system the arc 

temperature is mmih lower, and the voltage required is also 

• 

* “Notes on Welding Systems,” by J. Caldwell, Inst, of EngmeerH and 
Shipbuilders in Scotland, Januaiy 22, 1918. 

f “Notes on Modern Methods of Electric Welding,” by H. S, Marquand, 
Joum. Inst. Elect. Engineers, vol. liii., p. 851 
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lower (usually from 15 to 30 volts); the life of the arc poles is, 
however, much shorter. 

With the metal arc systems the current may be either con¬ 
tinuous or alternating, although the former is preferable. 

The composition of the metal rod should be similar to that 
of the work to be welded, but suitable constituents may be 
added to the material of the rod to approximate^to any desired 
composition in the metal of the weld. ^ 

In the metaj arc system the positive pole metal is vaporized 
and projected upon the work, or negative pole; besides this 
action, molten metal portions from the smaller electrode may 
be projected bodily across the arc, and this fact is utilized in 
the jrrocess of filliiig the joint. 

The bare metal electrode is necessarily at a red heat for some 
distance along its length, and therefore becomes oxidized on the 
surface by contact with the air in its passage across the arc, 
and this oxide often gets into the nrctal of the weld and forms 
flaws; moreover, the electrode dissipates a good deal of heat. 

With metal arcs in general the heat of the flame is very 
much less than that of carbon arcs, but the energy con.sump- 
tion is smaller. 

Coated Metal Electrode Methods. 

The first improvement made upon the bare, electrode method 
was to enclose the metal rod in a fireproof sleeve of a non¬ 
conducting material such as fireclay or special asbestos com¬ 
positions, as in the Kjdlberg system. In this ease the metal 
is protected from oxidation and heat radiation, and as it is 
removed by the arc the sleeve projects beyond the arc and 
forms a guide for the molten metal; the sleeve automatically 
drops away as the metal melts. 

In the Quasi-Arc and Alloy W elding Processes and similar 
methods, the process originally used by Stromengcr—namely, 
of employing a sleeve to the metal electrode containing suitable 
fluxes is employed. 

The flux melts as the arc is formed and covers the end of the 
electrode and also the weld joint, so that it protects it from 
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oxidation. Tho flux is frequently chosen* to contain con¬ 
stituents having a chemical action upon the fused metal, 
so as to improve its quality. , 

Tho coated electrode is usually clamped in a suitable holder 
and moved by hand along the length of the weld fit an uniform 
rate, and with a sideways swinging motion across the weld, as 
in the blowpi])e welding system. 

The arc in tlfis .system is very .short, being about one-eighth 
of an inch as a rule. • 

Tho composition of the eclating varies.with the material anS 
tho type of work. Usually the base of the coating is asbestos, 
and this material is impregnated with salts suitably chosen 
with the object of forming a mixed silicate flux or slag of 
suitable viscosity, and also for cleaning off the oxides. Either 
basic or acid silicates may be em|)loytff in the fluxes depend¬ 
ing u|)on the metal welded. 

The matcirial of the electrode itself may also be varied to 
suit tlie work; for example, high speed or special tool steel 
pieces are sometimes welded to mild steel shanks with nickel- 
plated steel rods. 

Aluminium wire or ribbon is sometimes wrapped around 
the rod before the flux coating is madt'; in one method the 
aluminium wirc^ bound iron electrode is covered with blue 
asbestos spun yarn, and it is claimed that owing to tho strong 
affinity of the aluminium for oxygen, a much stronger and 
cleaner weld is obtained. The proportion of aluminium to 
iron required is about 1 to 400 or 500. 

• 

Welding Data. 

In a typical | coated electrode method of welding, tho voltage 
required varies from 20 to 27, and the current from about 35 
to 180 amperes, according to the thickness of the plate to bo 
welded. • 

The following table shows the most suitable gauges of elec¬ 
trodes and currents fos different fliicknesses of steel plate or 
work : 

• Aa in tho mothoda of Alloy Welding Prooeases Ltd., London. 

t The Equipment and Engineering Co., Ltd., London. 
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TABLE CLI. 

CUERENTS FOR MeTAL ElECTRODES. 


Gauge of Ele(fvrode. 

1 Current in Amperes. 

\ 

, Thickness of Plate 

or Work {Inches). 

i 

14 

36 


12 

40 

' i 

10 

95 


8 

140 * 


6. / 

180 

1 


Eig. 262 illustrates some of the principal types of joints 
employed in electrierd welding, the black portions indicating 
the deposited metiil. 



SINSIE BUTT ‘ DOUBLE BUTT PLAIN LAP 



SINSLE ANGLE DOUBLE ANGLE PLANGE JOINT 



FLUSH laf s’OE Bar joimt 

Fig. 262.—Showing Types of Electuio Welds. 

The speed of wielding varies from abbut^ 15 to 60 feet per 
hour, depending upon the type of joint and the thickness of 
plate. 

As an example may be quoted a typical case, in which two 
plates of -{g inch thicYness were welded together with a vee- 
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joint at the rate of 40 feet per hour, using 50 feet of 10 S.W.G. 
covered metal electrode, depositing about IJ feet of electrode 
per foot run of weld. The voltage employed was 106, and the 
current 105 ampfires. 

In another example two J-inch plates wore butt-welded at 
the rate of 24 feet per hour, the voltage being 1^5 and the 
current 50 amperes, 40 feet of 12 S.W.G. electrode being 
consumed. * 

• 

Composition of Iron Electfodes.and Deposited Metal. 

The carbon and manganese content of the iron or mild steel 
electrode in the bare or coated metal method of welding i.s 
invariably reduced in amount by oxidizing, so that the de¬ 
posited metal is almost pure iron. 

The results given in Table OLll. have been selected from 
several sources.* 

Preparation and Mode of Working. 

The typos of weld employed, as shown in Eig. 262, will 
depend upon the nature of the joints and the thickness of the 
metal. Butt-joints must be suitably prepared by vccing and 
fitting. Plates of less than ^ inch do not require notching or 
voeing as the art! heat will penetrate to this depth. For thick 
plates both the angle and depth of vco must be greater in 
proportion, so that the electrode end is enabled to get down 
near the notch of the vcc. 

It is frequently necessary to apply several layers of weld 
in order to obtain the full thickness of the weld. 

Where it is not possible to cut away the metal to form the 
' vees, as in certain classes of repair work, a space should be left 
between the two joint faces to allow the metal to flow into the 
wold; a carbon eleetjode with reversed polarity can often be 
used for preparing j,he*edges for welding. 

• 

• Notably from “ Expertments on the Application of Electric Welding 
to Large Structures,” by W. S. Abell, Journ. of Commerce (Liverpool and 
London), March, 1919. “Notes on Welding Systems,” by J. Caldwell, 
Inst, of Engineers and Shipbuilders in Scotland, January 22, 1918. 
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It ia noccssary to remove all rust, paint, scale, and dirt from 
the vicinity of the joint, otherwise the deposited metal may 
be weak. • 

Good electrical connexions should bo made by means of 
suitable clamps. * 

In Working, the bare end of the electrode, free {rom flux, 
should be placed in the holder, and the other end moved to- 
W'ards the worfe with a slight up-and-down motion, tlie rod 
being held at right angle? to the work. ^ 

The electrode should moiuentcij’ily toOch the work to strike 
the arc, and as the metal begins to flow, the electrode should 
bo moved down the joint with a zig-zag movement across the 
joint, feeding the electrode down as it burns away, so as to 
leave an uniform deposit. 

The arc should be kept as small as possible, the, end of the 
electrode being kept practically in the slag, which when the 
proper conditions of working are attained k a hriijht red colour, 
the electrode metal it.self being a dull red. 

Where an electrode is consumed before the joint is com¬ 
pleted, the metal should be thinned out for a short distance, 
and thoroughly re-fusod before proceeding again, taking care 
to remove the slag beforehand. 

Several layers arc often necessary, in which case the slag 
must be removed beforehand by chipping with light taps 
of a suitable hanpner or tool and with a W'ire scratch 
brush. 

The operator should wear a mask with non-actinic glasses, 
to stop the ultra-violet rays, and should be provided with 
asbestos or leather gauntlet gloves and an asbestos or leather 
apron. 

Fig. 263* shows the methods of welding up steel barrels for 
withstanding internal pressures of about 100 pounds per 
square inch; the diagfams show alternative methods of joining 
cylinder ends with*internal or external butt-straps. 

The Resistance Mettlod of welding is now widely applied in 

* “Some Modern Methods of Welding,” by J. T. Heaton, Proc. Inet. of 
Mech. Engrs., February 20, 1914. * 
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the manufacture of metal articles, more particularly for sheet 
metal parts, such as half-staiupings, which have been made 
separately, and require assembling togotheu afterwards. 

The heat is generated by the passage of a current of high 
amperage, and of low voltage through the joint, and it is 
usual to fmploy a single phase alternating current for this 
class of welding. The voltage generally varies from about 2 to 
8 or 10 in resistance welding. 

There are three principal methods of welding—namely. Bull 
or Oonlacl, Seam or Roller, aqd Bpol welding, and there arc now 
special machines upon the market for the? purposes. 

In Spot Welding processes the work is placed iqa.m a fixed 
copper contact piece or electrode, and a second movable 



electrode is held or pressed upon it; when the current is turned 
on the W'ork is heated to a welding heat at the desired places. 
The process is akin to riveting, except that the sheets or parts 
are joined at spotu by local welding instead of by rivets. The 
electrodes vary in shape according to the nature of the work, 
and in spot-welding machines the electrodes are pressed on to 
the work by means of a foot-operated lever, which also auto¬ 
matically switches on a low voltage current welding the 
surfaces under the electrode. The work js then moved along, 
after the foot lever is released, to the next position. 

For plate welding as many as 1000 w;elds or spots per hour 
can be done in one of those machines, either foot or mechani¬ 
cally operated. 

Spot welding is employed in the manufacture of all kinds of 
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work, in place of riveting; for example, buckets, kettles, pans, 
stoveSj galvanized iron work, etc. 

Seam Welding. 

This is similar to spot welding, but it is continuous instead 
of being intermittent, so that fluid-tight joints ean^be made. 
The method is applicable to thin metal sheet work; it includes 
the jjroccs.s knoVn as roller welding. 

The electrodes in this ense are in the form of rollers, through 
W’hich the two sheets are passed, and'tlwi current is turned on 
as the work proceeds, heating up the metal of the two sheets 
over the width of the rollers to a welding heat. 

The pi'essure between the rollers whilst tj;ie heated work is 
passing is sufficient to unite the metal sheets. 

The, continuous seam joint is stronger than in spot-welding, 
and can be rapidly made; it is essential, however, that the 
surfaces to be welded must bo quite cleap, either pickled in 
acid or sand-blasted. , 

Butt Welding. 

In tile Thomson-Ilovston process of contact W’elding a heavy 
alternating current is passed through the joint, raising it to 
the welding temjierature. 

Contact w'clding, in which a continuous seam, or butt, is 
welded, is applied to gas and watertight joints. In these oases, 
the work is caused to travel slowly under the electrodes, so that 
a progressive or continuous welding occurs. 

In this method of joining bars, rods, rail-sections, and other 
objects by direct abutment, the pieces are clamped or heh’ 
together eud-on, the clamps forming part of or being connectec 
to the transformer low-pressure winding. 

When the current is switched on, the joint is heated tc 
welding point and prfgsure is applied* by means of a lever- 
system, ratchet, or'hydraulic system. 

The pressure and currtmt are maintained until a distinct bun 

* An example of electric butt welding in the case of aluminium is illua- 
trated in Fig. 270 on p. 628. 
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is formed at the junction, showing that plastic flow at fusion 
temperature has taken place and that any oxides or slag has 
been squeezed out. 

The weld is usually hammered whilst still red hot. It is 
sometimes desirable to increase the current passing as the 
welding progresses, in order to keep up the temperature as the 
contact r'esistancc approaches that of the pure metal. This 
is carried out by moans of a regulating resistance and an 
ammeter in the primary circuit of the transformer. 

This mc'thid of welding is used for joining all kinds of rods 
and bars, steel rails, and tyres, wire apd tubing in manufacture 
and in cable making, etc. 

Steel barrels, boilers, receivers, tubes, plates, rims, sucii as 
those of bicycles, half-stamj)ings, domestic utensils and other 
objects may be satisfactorily w'elded by the butt or contact 
method; it is important, however, that the metal parts should 
not be too thick or of irregular thickness. 


General Notes. 

Welds are usually made much quicker by the electric pro¬ 
cesses, and the joints arc capable of withstanding high pres¬ 
sures in the case of drums and receivers. For example, welds 
have been made in gas cylinders which have successfully with¬ 
stood a pressure of 4000 pounds per square inch, and in mild 
steel tubes of inch thickness by 11 inches inside diameter, 
which have withstood an hy'draulic j^ressure of (i tons per 
square inch. ^ 

Electric welding, once the plant has been installed, is much 
cheaper and cleaner for many classes of work, particularly 
for quantity production and standard articles, but the initial 
plant cost is much higher than that of most gas welding plants. 
The electrical methods are not in general suitable for small 
and complicated shapes such as those employed in aero¬ 
nautical work. ^ ' 

The following table gives some of the results obtained* by 

• Iron and Trade Review. 
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butt welding round rods varying from J to 1 inch in diameter, 
electrically, in the shortest and longest times respectively. 


TABLE CLIII. 

Electric Butt Welding Re8ult.s. 


Diameter 

of 

Iron R<xl. 

Time in Seconds. 

• 

1 Current 

» 

Volts per Square Inc 

i ,4. B. 

1 * * 

Least. 

.-1. 

Greatest. 

B. 

A. 

B. 

\ ^ 

i 

2-7 

54), 

1900 

1045 

39*5 i 35*5 

3 

4-0 

5-27 

4330 

5190 

45*5 ; 19*7 

1 

4*0 

15'S 

6600 

1800 

30*0 13-0 



21-.') 

8400 

3400 

8-0 12-25 


3*5 

10*85 

9400 , 

i 5510 ' 

► 33*7 . IH'85 

.t 

4-0 

22*- 

10,000 

9400 

16-3 10-7 


7-() 

17-0 

11,000 

10,5.70 

27*7 !9*0 

i 

33-0 

114*0 

7740 

4450 

10-4 10*1 


Gas Welding Systems. 

There arc four important gas welding proccs.ses—namely, 
(1) the Oxy-Hydrogen; (2) the Oxy-Acetylene; (3) the Oxy- 
Coal Gas; and (4) the Oxy-Bcnz systems. 

The two latter .systems are not employed to any extent 
in engineering work at present, but the last-tnentioned process 
possesses the advantage that it gives a higher flame tempera¬ 
ture than that of the oxy-hydrogen system, and that it is 
more convenient to use a liquid fuel in practice owing to its 
compact and portable nature. 

The oxy-coal gas system is largely employed in lead-burn¬ 
ing and is economical, but the impurities in coal gas usually 
have a detrimental effect upon the metal welded; the flame 
temperature is about 30 per cent, lower than that of the oxy- 
hydrogen one. 

• 

(1) The Oxy-Hydrogen Process. 

The process of combustion of hydrogen and oxygen results 
in the formation of water in the form of steam, one volume of 
oxygen being required to two of hydrogen for perfect com- 
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bustion theoretically. In practice, however, a largo excess of 
hydrogen is employed (usually from four to five volumes of 
hydrogen to one of oxygen) in order to produce a reducing 
flame—that is to say, to prevent oxidation of the metal. 

The effect of the excess of hydrogen is to reduce the flame 
temperature from about 2000“ to about 1600° C., so that 
the process is not applicable to metals having a high conduc¬ 
tivity and melting point, for a considerably higher flame tem¬ 
perature is then required. 

The caloriflc'value oi, hjdrogen completely burnt in oxygen 
is about 3.60 B.T.U.’s per cubic foot, b,ut, owing to the excess 
of hydrogen necessary, this value is appreciably reduced in 
practice. 

Oxy-hydrogen welding has been employed for thin iron and 
steel .sheet and pipe work, as the flame is more diffused and 
less intense than in the case of oxy-acetylene, and the metal 
is therefore not so readily burnt or over-heated. 

The oxygen and hydrogen employed for this process must 
be very pure, and it is therefore usual to employ the electro¬ 
lytic gases. 

(2) The Oxy-Acetylene Process. 

In this process the two gases oxygen and acetylene (CjHj) 
are led under pressure* into a common blowpipe, provided 
with independent regulating valves, and is ignited at the out¬ 
let, forming an intensely hot flame; the temperature of which 
can be varied from 2000“ to 2500° C. 

The heating value of acetylene is about 1500 B.T.U.’s per 
cubic foot, and it consists approximately of 92'5 per cent, 
carbon and 7 5 per cent, oxygon. 

When burnt in oxygen the following are the chemical re¬ 
actions : 

2C2H2-t-602 = 2H20+4C02, 

that is to say, two volumes of acetylene require five of oxygen 
for complete combustion, and the produolis of combustion con- 

* This is termed the high pressure system. In the low pressure system 
onlythe oxygon is delivered underpressure, and by an injector action draws 
the acetylene gas into the burner. 
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sist of four volumes of carbon-dioxide and two of steam or 
water, vapour. 

Acetylene gas is.mado, commercially, by the action o| water 
upon calcium carbide (OaCj), the chemical reaction being as 
follows ; ' 

CaCj -I- HjO = CaO -t- 

» 

One pound of calcium |)roduces I’b cnbic feet of acetylene, 
and if tin; carbide is decomposed at the rate of I pounds jht 
hour, about Of gallons Pf-water will l)t^ retjuired for (wery 
0 pounds of caibido decomjwscid. ' • 

Actually it is found Mccessary to me about four volumes 
(instead of two) of acetylene to live of oxygen. 

In consequence of thi' high dame tem|)e;’ature.s, the water 
formed by the primary combu.stion is dissociated into liydrogcn 
and oxy'gen, and the latter elcjnent combines at once in the 
flame with tln^ carbon (jf the acetylene to form carbon-dioxide, 
leaving the hydrogen to combine only witji th(^ oxygen which 
has pa.ssed out of the liotte.st flame zone; ,so that it does not 
invoh'O a consumption (jf heat at the expense of this zone. 

It is thought that the hydrogen, wliich is not able to com¬ 
bine with th(‘ oxygen in the inner llanu! zone owdng to the 
high temperature e.xi.sting (which is above the di.s.sociation 
temperature) remains temporarily in a fre(^ state and partially 
protects the inner zone from heat lo.ss by radiation, whilst 
preventing any tejidency of o.xidation. 

The reason for tile diffiu'ence between the actual and the 
theoretically' larger volume of oxygen required lies in the fact 
that the temperature of combustion is much higher than that 
of the dissociation of the steam, and as a result the hydrogen 
in the acetylene passes to the outer edge of the welding flame 
where it is cooled by the air, and also extracts oxygen from it, 
burning at a reduced temperature and forming water vapour 
in the process. 

Production of Acetylene. 

There are two .systems used for oxy-acetylene welding 
namely, the high and the low pressure onts. 


I 


39 
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The High Pressure System consists in using both of the gases 
under high pressure, the acetylene being supplied dissolved 
in acetone, or a porous material soaked in acetone. 

Acetone is a liquid hydrocarbon which can absorb about 
25 times its own volume of acetylene gas at atmospheric pres- 




Fio, 204. —Injeotob Blowpipe for Oxv-iii'ETYLENE Weldieo. 


sure, and for each increase pf atmospheric pressure the volume 
absorbed is increased some ten times, so that the cylinders 
which are usually supplied at 10 atmospheres pressure can 
contain 250 times their volume of acetylene; for practical 
reasons, however, they arc only filled with 100 volumes. 
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With this system acetylene can be supplied in a pure state, 
whereas in low pressure systems the gas must be carefully 
freed from all im^jurities for welding purijoses. • 

The Low Pressure System, which is the one most commonly 
employed, uses acetylene gas generated on the spot from 
calcium carbide in a special generator, , 

The oxygen is supplied in cylinders usually of 100 cubic feet 
capacity (of free ga.s), and of from 98-5 to 99-5 per cent, purity, 
at 120 atmospheres presSurc, A special injectoi^ f(jrm of blow¬ 
pipe is (!mployecl, in whi^h th^ How* of the oxygen under 
pressure, through a special injector, nozzle* A (Eig. 264) 
induces a supply of low pressure acetylene through the pipe 
leading from C, and the two gases may bemixed in any pro¬ 
portions by means of the regulating valves B and C. A variety 
of different nozzles are supplied, usually differing in the shape 
and size of the portions D and E for different work. 

It is stated that with the type shown ia Eig. 264 a negative 
pressure or suction of from 5 to 14 inches of mercury can bo 
obtained. The following table gives the approximate gas 
consumptions for different mild steel ])late thicknesses for 
different sizes of blowpipe. 


TABLE CL IV. 

Acetylene and Oxygen Gas CoNsu.virTioNS, 
(British Oxygen (iompany.) 


No. of blowpipe .. 2*1 




i ^ 

i 

8 1 10 ; 12 

15 

Ap[>roximate thickness in. 

in. 

! ill. 

171 . , in. 

■ *' 

III. 

in. j in. ' in. 

III. 

of plate joint .. , 


IjLi 

i : V'fl 

9 

J ! i ; 1 

1 

A p j) r 0 X 1 - 


k ft. 

!'■- ft-', 

c. ft. c. ft. 

k P- 

r. ft.'c. ft. e. ft. 

r. ft. 

mate con- 
sum ption 
of gases • 

1 Oxygen l*75j 

3-0 

6-5 

9-0 16-0 

1 

1 

123-0 

_! 

:i4-0! 48-0^ 7.5-0 

100-0 

1 

Acoty- 

c. ft. 

c.ft. 

: ! 

c. ft. c. ft. 

G. ft.\ 

c. /(. f. ft. c. ft. 

c. ft. 

per hour 

in cubic 

feet 

Icno !■€ 1 

2-0 

' 4-5 

6'3 11-2 

.16-Oj 24-0 34-0 52-0 

70-0 


* 


—The above gas consumption figures are average result-i obtained 
when working on cold steel plates. In the thicker sections a considerable 
saving can be effected by pro-heating in the region of the joint. 


The British Oxygen Co, 
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Acetylene Generators. 

Generators for low pressure acetylene sjbould be of the 
correct proportions, for ton small a generator will result in 
much heat bckig evolved; and, apart from the dangers of the 
higher pressures, the acetylene may ho decomposed into other 
hydrocarb(^ns; in any case the tem])erature of the gas should 
not exceed 100° 0. on leaving the carbide. ‘ 

The generation of acetylene should be slow and regular, 
and the rate‘of decomposition .should not exceed about 
4 pounds of carbide, per hour.' 

In the water-to-mrhide. type of generator which is widely 
used, the carbide is placed in a number of separate boxes or 
compartments, and water is admitted to each comi'artment 
in turn, so that when one charge is exhausted the next is 
attacked. 

Eig. 26o illustrates, in section, a common type of acetylene 

0 

generator used for low pressure wadding.* It consists of a 
cylindrical body or w'ater reservoir in which floats a gas-holder 
suitably guided by means of rods. I’he carbide chambers are 
situated in the bottom of the tank, so that the gas generated 
is cooled by the surrounding water. The carbide chamber is 
subdivided by jjartitions G into compartments, as explained 
above, .so that the carbide in one box only at a time is acted 
upon by the water. The water supply to the carbide is auto¬ 
matically regulated by the rise and fall of the gas-holder, 
which actuates a valve controlling the supply of water. The 
acetylene generatf-d is partially purified by w'ashing, and the 
moisture is removed in a condensing chamber, after w'hich it 
passes into a purifier in a separate compartment. 

Purifiers. 

The best known purifiers are Heratol and Franholin, the 
former being a chromic acid solution w'hich is capable of re¬ 
moving sulphur, phosphorus, and ammonia, changing its colour 
as it becomes “spent” from orange to green; one pound 
* Aeronautics, August 23, 1916, 
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of heratol will purify about 110 cubic feet of acetylene. This 
purifier attacks metals, so must be used in earthenware or 
enamelled vesseFs. Frankolin is a solution of cuproui^oxido in 



strong hydrochloric <acid, absorbed in porous earth, and is 
capable of purifying about 100 cubic feet of gas per pound. 
It should also be only used in earthenware or enamelled 
containers. 
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Another impurity in acetylene gas is phosphoretted hydro¬ 
gen, which must be removed, owing to its deleterious effects 
upon tht metal of welded joints. ' 

Back Pressure Valve. 

All acet^/lene generators are now supplied with an 
"hydraulic hack-pressure valve," which is fixed pn the acety- 



Fio. 260 .—Hydkwlio Back Pkessore Valve. 

leiie supply pipe in a vertical position, as close to the blow¬ 
pipe as can be conveniently done; the function of this valve 
(Fig. 266) is to prevent the oxygen froiii flowing back along 
the acetylene pipe, and thereby forming a dangerous explosive 
mixture. The acetylene inlet and outlet pipes are shown at 
A and B respectively. Water is poured through the funnel C, 
which is provided with a loose-fitting cap until the chamber D 
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is filled to the level of the tap E which is used as a level-indica¬ 
tor. .The pipe F should be long enough to give a gr^^ter water 
pressure than that of the acetylene gas (that is, greal^’r than 
about 8 inches). If the blowpipe nozzle becomes choked at 
any time whilst the oxygen tap is open, this gas'will be forced 
along the pipe leading to B, and the back-pres.sure will act on 
the surface of the water in 1) and force the water up the pipe 
F, displacing ftie lid C, so that both gases will escape into the 
atmosphere until the taps il and B are closed. 

Acetylene generators fet workshbpt jrurposes are usually 
made in capacities of from 200 to 300 (jiibic feet, and tor larger 
capacities tlusy are airanged in a series so that when one be- 

• 

WHIT£ LUMINOUS CONe TRANSPARENT SLUE fUONLUMtNOVS FLAMC 



Kei. 207 .—The O-xv-AoE'rvi.ESE Pe.cmb 


comes exhausted, the action automatically proceeds to th(! 
next, without any interruption in tin; .su[i|)ly. The exhausted 
chambers can be rechaiged without interfering with the other 
generators. 


The Blowpipe Flame. 

The blowpipe is “ started,” by turning both oxygen and 
acetylene taps full on and lighting at a small wick lamp; 
the acetylene is theli in excess, so that it must be gradually 
turned off until there is a clearlj' defined cone at the orifice, 
varying in height or length from j inch to | inch, according 
to the size of blowpipe. Fig. 267 shows the type of flame 
obtained with oxy-acetylene. If the c«ygen is in excess the 
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6ame becomes pale in appearance, and short, and when applied 
to the metal to be welded causes a discharge of sparks. ■ 

An axcess of acetylene causes a black • (carbon) deposit 
around the welded area, and the flame becajines much longer 
and of a bririiant red-white ajipearance, with a green cay) 
over the inner cone. The best flame condition is the one giving 
the greatest heat, slightly reducing in character, and with a 
well-defined inner cone with a j)ale outer flame. 

♦ t , 

General Welding Notej.* 

The parts to be welded should b(< Aell cleaned of all scale 
and in eases of butt, or edge, welds (Fig. 268) the metal maj' 
be chamfered, so as to give a greater area, and to permit of 
more intimate contact with the welding rod or strip metal 
when fused. 

The comyjosition of the welding striji should approach that 
of the jiarts to be W'l-lded: it is usual to employ shearings of 
the same metal, or pure .Swedish iron wire. 

In the ca.se of thicker plates, care should be taken to melt 
the edges inwards for at h>ast one-quarter of tins plate thick'iiess, 
W’hilst adding the additional metal from the feeding wire Light 
hammering of the weld in the case of iron and steel, whilst 
red hot (1)00° to 1000° (!.) will usually improve its quality 
and .strength, but hammering should not be done below a 
black-hot tempw-aturc 

All parts to bo welded should, if ])ossil)lc, be pi'(‘-heated before 
welding, in order tp minimize temperature stresses. 

All welded parts should be annealed at S.IO' to 000° C. to 
remove internal stresses due to unequal heating and cooling. 
F°or thin plate welding, the flame should be a reducing one, 
and great care is necessary to prevent “ burning,” by raising 
the flame immediately fusion has occurred. 

Alloy and high carbon steels cannot be-properly welded bj' 
the ordinary method, as thc,se metals have a lower melting 
point which approximates to that of the 6xid(w of iron formed, 
so that, instead of the oxide fusing before the metal as in the 


For oxy-acetylene welding. 
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case of iron and mild steel, and rising to the surface, it remains 
imprisoned in the weld metal; it is necessary to use a special 
deoxidi/.er, as in th e ease of cast iron. • 

The procedure, when welding is finished, is always to close 
the combustible (in this case, the acetylene) gas tap first. 
The burners become hot during welding and shouljl bo occa- 
•sionally cooled in water. 

Provision should lie made for the esca|)e of the carbon 
dioxide gas combustion*pfoducts when working in confined 
spaces. ' ^ • 

It is e.ssential for woiicmen ti) wear»tinted or blue goggles 
whilst welding. 


© 



( 0 ) 

Tiij. Tvpe.'s of l^LATE WeliTs. 


Types of Welded Joint. 

Fig. 208 .shows some of the principal methods of making 
welds. 

When the plate thickness is less than 16 S.W.G. (-064 inch) 
the ordinary straight ‘butt weld is used, as shown in [A), 
Fig. 268. For thicknesses between 16 S.W.G. and 0 8.W.G. 
(about I inch) the edges are bevelled to about 4.5°, as shown 
in (B), Fig. 268. 

Between about j-'j and -/j inch the angle of the bevel should 
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be about 90°, as shown in [C), Fig. 268, whilst for thicker 
plates it is advisable to double-bevel the edges, as shojvn in 
{/)), Fig. 268, the angle of the bevel increasing with the thick¬ 
ness to a certain extent. 

Speed of Welding. 

The following table gives the average rates at which welding 
can be done with mild steel plates of varyirig thicknesses, 
together with the gas corresponding «onsunipt ons. 

It will be (Observed, that the speeds are roughly inversely 
proportional to the plate thickness, apd that the gas consump¬ 
tion varies as the plate thickness. 

" TABLE CLV. 

Rates op Welding op Mii.d Steel Plate and Gas 
Consumptions. 


Thickness of 
Plate. 

1 

A pproxtniuie ] 
Pun per Hour 
tn Feet. \ 

1 

Oxytjen 
Pressure, 
Pounds per 
•Square Inch. 

Consumption per Hour in 
Cubic Feet. 

Oxyijen. 

Acetylene. 

iiV 

40 

5 

■2 

H 

‘iS 

38 

0 

3 



20 

7 

34 

3 

i 

14 

8 

() 



12 

Mi 

« 1 

(> 

i 

9 

14 

IG 1 

12 

1 

tt 

0 

ilk 

29 

20 


5 

22 

35 

28 


4 

24i 

45 

35 

.1 

4 


27 

55 

42 

1 

3 

3i) 

78 1 

G3 

u 

n 

32^ 

92 

73 

H 

2 

35 

lOG 

82 

2 


40 

125 

100 


The Strength and Testing of Welded Joints. 

The tensile strength of a welded joint varies from about 
70 to 75 per cent, in the casp of thick plates up to 85 to 95 per 
cent, for thin plates, when the joint is 'properly made. 

The strength of a joint is, however, to a large extent, depen¬ 
dent upon the skill and experience of the individual welder, 



METAL JOINING PROCESSES 


































































620 AIRCRAFT AND AUTOMOBILE MATERIALS 

^" 

and for this reason, whilst some joints may be practically as 
strong as the original metal, others may, on the other hand, be 
considerably weaker; it is the weakest possible joint that deter¬ 
mines the strength of a welded structure, so that considerable 
care must bo taken in employing such structures for taking 
tensile apd bending loads. 

In aeronautical work welds should never be allowed to 

i. 

talce any important loads in tension or bending. 

A serieij of tests which were ma'de' upon welded joints made 
by hand, acetylene, 'and electrical processes, gave the results 
shown graphically in <Fig. 20!), in which the thick black ordi¬ 
nates represent, in height, the properties indicated on the side 
of the diagrams.. The following table gives particulars of the 
processes by which the joints were made. 

The joints were tested in tension and in repeated bonding 
upon the Wohler type* of fatigue testing machine, and their 
properties were compared with those of the original unwelded, 
material. Fig. 269 shows (1) The tensile strength of each joint 
expressed as a percentage of that of the original material; 
(2) the local extension expressed as a percentage of that -of 
the original material; and (3) the fatigue strength of hollciw 
specimens in terms of that of the original material. 

The want of uniformity in the heights of the ordinates, 
taken as a whole, shows that whilst a good percentage of the 
joints are nearly as strong as the original metal, yet several are 
considerably weaker, and no guarantee can be had of any 
particular joint being uniformly as strong as the original metal. 

The variable nature of the elongations is also an indication 
of the want of uniformity of ductility at the joint. It may be 
added that these joints were made and supplied by a number 
of different manufacturers, the names of whom were designated 
by the letters in the first column of Table CLVI. 

A good workshop tost of a welded joifit consists in hammer¬ 
ing over the welded joint, or to hammer an'd break the superfi¬ 
cial scale, and to apply petroleum to the weld. If there is any 
crack, the petroleum will quickly soak through and show up 

'» See Fig. 104, p. 212. 
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TABLE CLVr. 

Particulars of Wklded Joint Tests.* 


Desig¬ 

nation.} 


A 


Main lal. 


I Wrouf^ht iron an<l mild 
; stool 
I Low carbon sio<d 
B ^ 0*22 carboli stool 
(I b*o7 carbon stool 
I O'OlHi carboivstoel » 


E( 

H 

J 

K 

L 


M 

n{ 

0! 


VVrouglit iron 
Mild stool (0*217'^ (’.) * 
Wrought iron 
Mild steel bar (U* 171'^ C.) 
Wrought iron 
Mild steel (()*175° 
Wrought iron 
Stool {0-222* C.) 

Steel (0*204° C.) 
Wrought iron 
Mild steel (0-056° C.) 
Wrought iron 


Steel (0*207° C.) 
Wrought iron 
Steel (0-158° C.) 

Best chain iron 

I Yorkshire wrought iron 
[ Staffordshire wrought 
: iron 

! Wrought iron 


Particulars. 


.Hand-widded and electrically welded, 
40 joints in all. 

•/(nuts hand-wehled, using silvorsand and 
searllng. 

10 joints in all. 

11 hand-welded iivet steel joints. 

0 electrically welded nvi t steel joints. 

('r^omson l^roce.ss). 

6 hand-welded joints. 

6 

:i 

<) 

I) 

3 
3 
6 
6 

6 electrically welded joints. 

6 oxy-acetylene welded joints, using mild 
steel wire for feeder, and slightly 
hammering after welding, then an¬ 
nealed. 

6 ditto. 

6 hand-welded joint.s. 

« 

6 ,, „ 

2 electrically welded joints. 

3 hand-welded joint.s. 

3 „ 


by a black patch the exact locality. Another method of 
detecting flaws or cracks is to electro-plate tfie part, when any 
surface crack or defect can bo readily seen. 

Closed vessels for containing liquids or gases should be 
subjected to an hydraulic test. 

The tensile strength of electrically welded joint.s, properly 
executed, and as used^ in production work, has been givenf at 
89 to 96 per cent, bf that of the original metal. 

• “The Strength of Woldocl Joints in Iron and Steel” (Stanton and 
Pannell), Proc. Inst. Civil Engrs., 1012. 

■f “Modern Methods of Welding,” T. T. Hf^ston, Proc. Inst. Mech. 
Engrs., 1917-lS. 
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6^ /AIRCRAFT AND AUTOMOBILE MATERIAlS , 

Applications of Oxy-Acetylene Welding. 

This process is widely employed in aeronautical workshops 
for building up sheet metal clips, sockets,'frames and lugs, 
engine plates, tanks, and similar parts which are not subjected 
to appreciable stresses. The plant cost is much lower than in 
the case pf electrical welding, and it may readily be made 
portable. In automobile work the process is ^used for sheet 
metal worlr, body-jjanelling, and small unimportant fittings; 
it is not ^a rule employed fof ihiportant parts carrying 
loads or subjected to^road ijhocks, as experience has shown 
that, unless carefully "performed, and by skilled operators, 
such welds soon break under road conditions. 

The principal application of the process, however, is in con¬ 
nexion with automobile repair work, and several firms now 
make a speciality of this class of work. The author has had 
some excellent repairs made to motor-car cylinders, the water- 
jackets of which were cracked through the water having frozen, 
to aluminium crank cases, magneto cases, and cylinder holding- 
down flanges. 

In the case of repairs to W'ater-jackets, it is often necessary 
to cut out a patch from the outer jacket in order to get at 
the inner portion, and to reweld the patch afterwards. The 
whole cylinder is preheated to .'500° to 600° 0. before welding, 
to avoid local cooling stresses. Cast iron and aluminium parts 
can be now satisfactorily welded, with suitable fluxes and 
precautions, and repairs may bo effected to broken or cracked 
castings; in most^ cases these parts are not subjected to 
heavy loads, and a slight loss in strength does not matter 
very much. 

The rims and frames of cars and bicycles are often welded 
by the acetylene process, and the spot or butt welding methods 
have been applied to replace hand-riveting processes in frame¬ 
work. , ‘ 

Many parts which have been worn dort-n by friction can 
often be built up again with iron or miM steel, and afterwards 
case-hardened. 

New teeth have also been successfully welded in gear-^lrefls; 
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it is probable, however, that the copper fusion method of fixing 
hard tool steel into soft steel tool-holders could also be applied 
to the case of brtJccn gear-wheel teeth. -> 

An interesting welding machine known as the “ Oxygraph ” 
is now employed for cutting out sheet metal to any pattern. 
The pantograph principle- is employed, in which ^a pointer 
follows the original drawing or design, whilst the acetylene 
flame, or torch, is steered along by means of a tractor \\ heel 
driven by a small electric motor at a uniform rate. Designs 
can be cut with any irregularity of'shape and to any scale 
at a rate of froin G to 10 inches a minute in steel up to 2 inc.'hes 
thick, and the smoothness of tln^ cut gives a good edge finish. 

Another machim', know'll as the " Duagrapli,” is designed 
to W'l'ld the longitudinal scams in steel barrels and similar 
work. The sheet metal is bent around into cylindrical form 
and welded; then the bilge is made by various methods of 
rolling and expanding liy hydraulic pressure, or alternatively 
two beads are rolled out. It will be seen that a very good 
quality of weld is necessary in orde. to withstand this treat¬ 
ment. The machine in question is so designed that there is 
an acetylene flame upon each side of the metal, one of which 
travels a little ahead of the other, so as to heat the metal in 
front. Welds made in this manner are ver}' efficient. 

A largo amount of sted tubing is now made by seam welding 
rolled sheet metal, and subsequently drawing the welded 
tube down in dies ; w’ith suitabhs precautions very strong 
tubing can thus be made. 

Welding Cast Iron. 

In welding cast iron, precautions must bo taken to eliminate 
the oxide of iron slag formed by means of a suitable flux, and 
to preheat the work to a dull red heat before welding, so as 
to avoid temperature eracks. 

The oxide of iron formed is of,a lighter density than the 
molten cast iron, and it does not melt at so low a tempera¬ 
ture, so that with a suitable flux it can be eliminated more 
readily on rising to the surface of the melted metal. 
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In all cast iron welding work, the feeding rod, or strip, should 
be of ferro-silicon; this acts as a deoxidizer, and prevents the 
dccarbtirization of the cast iron into white ifOn. 

Grey cast iron is more easy to weld than white cast iron, 
and the production of grey iron in the welded zone is more 
feasible apd desirable in the case of acetylene welding; there 
is, however, a tendency to form the white variety of iron, owing 
to the " burning ” of part of the free grajihitic carbon. 

The silicjuij in the feeder rod cOm'oines more readily with 
iron than carbon docs,‘and tli,ercfofe tends to rejilace the latter 
which W'ould otherwise combine with the molten iron; jnoro- 
over, it even displaces carbon ab'cady combined with iron, 
setting it froe'to irjplace that previously “ burnt ” out during 
welding. A suitable flux* consists of equal parts of soda 
bicarbonate and soda carbonate, to wliieh jiia\- be added about 
12 per cent, of borax and 5 per cent of precipitated silica. 

The presence of manganese in cast iron or in the feeder rod 
tends to promoti' tlie formation of wliite iron, by oxidizing 
the free carbon, and it should therefore be ])r(;sent only in 
very small quantities. 

It is important iK)t only to slow ly heat the parts before weld¬ 
ing, but also to allow tlunn to cool down slowly after welding. 

Nickel-iron alloy rodsj for the electric resistance method 
of welding are, stated to give consistently reliable results in 
connexion with the welding of cast iron. 

Welding of High Carbon Steel. 

It i.s only pos.si'lde to properly weld steels containing below 
about l'2r) p(!r cent, of carbon, and in these (aises the same 
procedure is adopted as in the case of cast iron, but st('el wire 
or rod is used for feeding. 

Welding Malleable Iron. 

Malleable iron is welded in the same nqanncr as cast iron 
except that the feeder employed is one of Swedish or charcoal 
iron; it is necessary, also, to preheat the work. 

• Recommen(lod by The British Oxygen Co., Ltd. 

■f Alloy Welding Prooesses, Ltd., London. 
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Welding Copper and its Alloys.* 

The’principal (difficulties experienced in the welding 
copper are due to the great heat conductivity of the met! 
which necessitates a high(»r flame temperature or a larger blo' 
pipe, and to the propertj' which copper possesses of rapid 
oxidizing, and of dissolving its own oxide wherf moltc 
Further, the effret of the well-known property of molten copp 
for occluding gases such, as oxygen, carbon-monoxide, ai 
hydrogen, is to render the jpetal por(»us, wlnm cdol* owing 
the esca])e of these gases. • 

It has been found that if phosphorus is used as a flux, or 
incorporated in the welding rod, tin? absorption of gases 
prevented and the oxidation of the molten metal do('s ir 
occur, owing to the formation of pbosjflioric acid, by the oxyg( 
and the ])hosphorus, which floats on the surface of tlie molti 
metal and forms a i)rotcctive hiycr. 

The welding of copper alloys such as gun-metal, brasses, ai 
bronzes necessitates the careful selection of a siiitiible wddi) 
rod, for the constitution of these alloys varies considerabl 
and certain of the elements present, such as lead, zinc, nicki 
may become oxidized. For most common ]nirj)oses a weldii 
rod of rolled mangjim'se bronze; has been found suitable;; ai 
it is advantageous to have a small peietentage of phosjjhori 
and also of zinc presemt in the composition, to rejelace tl 
oxidized or volatilized metal. The best all-round flux is bora 
Care should bo taken not to overheat the nee'tal, the mo 
suitable tempe-rature beieig the one; at wliiclf small globul 
appear upon the prepiireel surfaces. 

Welding of Aluminium. 

It is now possible to weld aluminium, although the proce 
is by no means an easy one; many aluminium fuel tanks fe 
aircraft, containers,! shect-metal and panel work, casting 
domestic utensils, etc,, are now satMactorily welded. 

The chief difficulty experienced in the process of weldh 

* The following procedure i8 that recommendedtby the British Oxyg 

Co. 
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is to eliminate the oxide formed at the surfaces of the molten 
metal; this oxide has a higher melting point than that <jf the, 
metal Itself, and it forms very rcadil}', for'’'aluminium, when 
molten, has a great affinity for oxygen. 



Fid. 270 .—Butt Welding M.\euiNE roa Aluminium, etu. 

The presence of this oxide film not only affects the heating 
properties of the flame on the joint, but if it is not eliminated 
it solidifies before the other metal and'forijis a skin, or coating, 
over the joint, so that no junction is made. 

The melting point of the oxide is nearly 3000° C., whereas 
that of the metal itself is only 650° C., so that the difficulty 
in providing a suitable flux, which will dissolve the oxide at 
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the low melting point of the niotal, and at the same time protect 
the molten metal against further Oxidation, is by no means 
a small one. ■» • 

Fluxes of special composition are now available, and these 
are found to give satisfactory results. 

It is an advantage trt tap or slightly hammer the joints after 
welding, and to reheat to about 450° C. In welding aluminium 
sheets, the surfaces must be well cleanefi and butted together. 
The flux is applied in thb ftu'm of a paste, and vvlujn the blow- 
pi]K‘ flame is applied and worke^d along the seam the mentals 
will unite and the oxide, or .slag, will float to the surface. 

In hull welding, the oxide and a small ([iiantity of the metal 
are meehanieally squeezed out of the joint* from wliich they 
arc afterwards removed upon cooling down. Fig. 270 illus¬ 
trates a typical butt-welding machine.* 

In cast welding the oxide flows to the top of properly desigricd 
risers in the mould itself. 

Oxy-Acetylene Metal Cutting. 

The oxy-acetylene, coal gas, hydrogen, or Ixmzol vapour 
flame can bo mad(^ to sever, or to cut thi'ough steel plate of 
almost any thidaie.ss, with almost the rapidity of hot-.sawing, 
and with similar results as regards the app('aranee of the 
cut edges; it jjossesses the further advantage, however, of 
being able to cut out any shape or profile. 

The principle of the cutting of metal by an oxygen-gas flame 
consists in first melting tlu^ metal, next comjimsting or oxidiz¬ 
ing it, and then rendering the oxide formed molten, afterwards 
blowdng it aw'ay with the oxygen or a separate oxygen su])ply. 

Oxide of iron is formed at a fairfy low temperature, but it 
is not very fluid, so that unless it can be eliminated from the 
heated area it adheres to same, and not only acts as a heat in¬ 
sulator, but also pregfnts further combustion. 

Special metal ciftting blowpipes^are now employed, in which 
an additional or third Tassago is provided for an independent 
supply of oxygen for furnishing the additional heat necessary 

* The British Aluminium Co., Ltd., London. 
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to keep the oxide fluid, J)ut also to blow it away from the 

metal. ^ 

Fig.‘'271 illustrates a metal-cutting blowpipe, made by the 
British Oxygen Co., in which the combustible gas (that is, 
the acetylene and oxygen in their correct proportions for com- 



Fia. 271 .—Metal Ccttino Blowtipe. 


bustion) is led into the annular space "whilst the independent 
oxygen supply is conducted through the central passage Of 
Regulators are provided at 0, P, and li for varying the quanti¬ 
ties of the oxygen and combustible gas. 

In the case of mdtal-cutting machines, which are designed 
to feed the blowpipe or metal relatively to each other at a given 
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rate, the blowpipe usually has a separate oxygen supply pipe 
which is brought to a passage iinraediately behind the heating 
flame. 

When acetylene gas is einploycal it is found that for thick 
plates of 1 inch and over the oxygen and acetylene ])ropor- 
tions are about i) to 1. whilst for the thinnest platijs they are 
about 3 to 1. 

With coal gas thi^ eorre,spending ))roportiotis are roughly 
4 to 1 and 1 b.* 1 respeltAely; this gas is nioije juitable for 
small work and thin plates’ owipg to the lower temperatures 
concerned, and for places uj) to about f inch the coal-gas 
system give.s cleaner but .slower results. 

Metal plates up to nearly 2 feet in thinkness can be cut 
by these methods; armour plate is readily cut to any shape; 
patches can bo rut f)ut of ships, plates, and bars; rods and 
parts of almost any section can be readily severed. 

Table CLVIII. on p. 032, gives sonu! liih'a of the rates of 
cutting mild .steel plate, togottu'r with the oxygen pressures 
and consumptions. 

Thermit Welding. 

This method |)osses,scs the advantage that it can be a[)plicd 
in a very compact and portable form It consists in heating 
a mixture of powdered aluminium and iron-oxide, such as mill 
s(!alc, with a s|)ecial igniter jjowder, in a small fire-brick lined 
funnel-shaped vessel; when the combustion, or rather the igni¬ 
tion point is attained the aluminium combines with the oxygen 
of the iron-oxide, setting free the iron, and tfle temperature, of 
the reaction is about 3000° 0. The ii’on is produced in the 
molten state, cover('d with a slag, and it can then bo “ tapped ” 
into the joint to b(' welded. So intense is the heat evolved, 
that if a 1 inch steel plate is pla'eed under the tapping hole 
a clean hole will be burnt right through it immediately. 

In many eases w|-ought iron or steel turnings, punchings or 
shearings, are mixed \vith the tAermit powder in order to 
give a stronger metal. 

It is estimated that about 6 or 7 pounds weight of thermit 
is required for every square inch section of the joint to be 
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TABLE CLVIII. 

Cutting Rates, Pressures, and Gas Consumptions'for 
‘ Mild Steed Plate. (B. O.'Co.) 


Thickness 
of Plate, 
Inches. * 

Oxygen Pres¬ 
sure at Regu¬ 
lator Outlet, 
Pounds per 
Square Inch. 

Oxygen 
Consuiiiptxon 
per Hour iii 
Cubic Feet. 

Foot Run of 
Metal Cut per 
Hour. 

_ •__! 

i 

Oxygen used 
per Foot Run 
of Cut. 

\ 

24 

48 , 


3. 

4 

i * 

« 28 

, 00 

' 00 * 

1 

.1 

i 

32 • 

' 75 » 

50 

H 

1 

32 

• 88 

40 


u 

30 ♦ 1 

05 

» 35 

2? 

u 

3!> 

105 

30 


2 

45 

125 

25 

5 

3 

.V2 

180 

20 

0 

4 

58 

! 300 

20 

15 

3 

(>5 

420 

20 

21 

(3 

70 

432 

18 

24 

8 

80 

504 

18 

28 

11 

115 

020 

13 

48 

12 

125 

050 

13 

50 

14 

125 • 

000 

12 

75 

17 

130 

1350 

12 

112 


NoU ~—The .‘^izo of the cutting nozzle varies froTu inch for ^ incli 
})late up tc> jh incli for 12 inch plate, but a wide range of thicknesses may 
be cut with each nozzle by simply varying the amounts of gas pa.ssing 
through. 

welded; the weight of a eubic inch of thermit is about 
0'28 pound. 

This process is very convenient for open-air repairs to such 
parts as railway lines, tramway rails, tyres, ship’s repairs, and 
similar purpose.s.<- 

It is important to avoid all traces of moisture in the powder 
or upon the faces to be welded, otherwise blow-holes may be 
caused. 

The strength of a properly executed thermit weld is believed 
to be somewhat better than that of electrical w’elds on account 
of the greater volume of heat and of the absence of oxides. 

r 

The Union of Metals by Compression! 

It is well known that when metallic powders are sub¬ 
jected to high pressures in a mould, they will unite into a 
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solid mass, which possesses all of the properties of the original 
metal from which the powder was obtained. 

When lead particles or filings are compressed in a cylindrical 
mould at a pressure of 13 tons per square inch, they become 
compressed into a solid block, whilst at about 33 tons per 
square inch pressure tlie’ lead flows like a liquid^through all 
the cracks of the apparatus. 

Lead pipes and other shapes may be extruded or squirted 
in this mannerf and cofper locking-washers and rings between 
iron or steel male and ffmalo^ mehilters can also be s(juirted 
similarly. • • 

Bismuth, which is a hard, brittle, crystalline metal, when 
in the form of powrlcr, unit(!S under a presjure of about 38 tons 
per square inch into a hard mass similar to that obtained 
by fusion, and which gives the same crystalline fracture. 

Different metals require different union-pressures as the 
follow'ing results show: , 

IjCad unites at.13 tons jier square, incli. 

Tin .. .. .. .. 19 „ ,, 

Zme ,, .. .. .. .. 38 „ ,, 

Antinuuiy unites at .. .. .. 38 ,, ,, 

Aluiuumitu ,, .. . .. 38 ,, ,, 

Itismuth .. .. .. 38 ,, ,, 

Cop]ier .. .. .. 33 ,, ,, 

Lead Hows iit .. .. .. .. 33 ,, ,, 

Tin „ .. .. .. .. 47 ,, ,, 

It has also been shown that certain alloys can be produced 
by subjecting a mixed powder of the constituents to high 
pressure. Thus, if a mixture of finely divided metals consist¬ 
ing of bismuth 15 parts, lead 8 parts, tift 4 parts, cadmium 
3 jJarts, be compressed, the well-known alloy, fusing at 100° C., 
is obtained. The molting point of the most fusible of the con¬ 
stituents--namely, tin —is 232° C. 

The manufacture of compound sheets of different metals, 
such as nickel.anjl steel, copper and steel, aluminium and 
copper, etc., isj ali?o based upon the above principle,” but 
heat is applied to facilitate theiprocess. 

In the manufacture of copper-aluminium sheets, the copper 
sheet is first pickled, cleaned, and dried. Aluminium powder 
is then brushed on by machinery, or* by means of brushes. 
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A sheet of clean aluminium is then placed on the copper, and 
the two are heated and passed through the rolls. The union 
thus obtained is perfect, and the compoumi sheet can be 
worked, machined, stamped or spun as a solid sheet. 

There are, df course, other electrolytic and chemical or 
fusion methods for making compound .sheets; these are, how¬ 
ever, somewhat outside the scope of the present work. 
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THE PROTECTION OF METAL SURFACES 

The qucstifin of tlu^ protoction of metal surfaces exposed 
for long periods to corrotivo influene>cs is an important one, 
more especially in aeronautical worT,, since in many cases it 
affects the strength and durability. 

Thin plates and tubes, tension wires, seaplane and flying- 
boat fittings, the individual wires of cables, soldered and welded 
joints, etc., arc very apt to rust, and in cases where the 
thickness of the part is small, the effects of corrosion may be 
serious. 

Corrosion ol Iron and Steel: Theoretical Considerations. 

Primarily corrosion consists in the oxidation of the iron 
itself, due to the combined influence’ of the oxygen and carbonic 
acid gas of the air, and of moisture. The rc'sults of investiga¬ 
tion show that iron cannot rust in air or in oxygen, unless there 
is some -water present, and that it cannot rust in water unless 
oxygen is present. 

The (chemical composition of iron rust is a complex one, 
and it has been shown* to consist of hydrated oxides of iron, 
basic ferric carbonate, organic matter, and very often fixed 
sulphur; phosphates and silicates are also present. 

Many theories have been advanced to account for the cor¬ 
rosive action effects, amongst which the electrolytic theory 
is, perhaps, the most convincing. This theory assumes that 
it is necessary fbr ifon to first pass into solution as a ferrous 
iron before it cai j oxidize in the wet way. During the process 
of solution the iron hecomes elec'trically charged, and the dis¬ 
solved portion receives an equal and opposite charge. Solu- 

* “Corrosion and Rusting of Iron,” E. K. IJidcal, Proc. Soc. of Engrs., 

1917. 
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tion ceasfis when the electrical balance is attained, unless there 
is some other mechanism whereby this balance is prevented. 
It is thovght that the formation of numeroue minute electro¬ 
lytic cells all over the metallic surface is one of these preventa¬ 
tive influences “which causes solution to continue. 

The hydrogen which is liberated at the surface of the iron 
should, in the ordinary way, act as an insulating medium and 
prevent further action; but, unfortunately, it*does not do 
this, for it combines with the atmof.pherio oxygen and leaves 
the metal surface uniirotected. It'is generally believed that 
the rate of corrosion is .governed by the rate of combination 
of the oxygen and hydrogen, nnlcss there is another depolarizer 
present. , 

It is apparent from the above theoretical considerations that 
in order for a metal to possess the,highest non-corrosive ten¬ 
dencies, it should be as free as possible from certain impurities, 
such as manganese, apd that it should be so homogeneous as not 
to retain localized positive and negative nodes for long periods. 

Some Practical Considerations. 

It has been showm, more or less conclusively,that iron does 
not corrode so rairidly as steel; for example, in one series of 
tests* pieces of iron plate and soft Bessemer steel were both 
cleaned and polished, and weto exposed to the action of a 
mixture of loam and sand, with which had been thoroughly in¬ 
corporated some carbonate of soda, nitrate of soda, ammonium 
chloride, and magpesium chloride, with moisture. The pieces of 
metal were taken out, cleaned, and weighed after 33 days’ 
action, when the iron was found to have lost 0'84 per cent,, 
and the steel 0'72 per cent, of its weight. Tests, lasting over 
a period of seven years, also showed that the average corrosion 
of mild steel was about 120 per cent, greater than that of 
wrought iron. , ‘ 

It is also known that iron or steel whicii is subjected to 
vibration rusts less quickly than otherwise; for example, steel 
rails which are not in use rust quicker than those in actual use. 

* Tests made at Eivorside Iron Works, Wheeling, W. Va. l(Keat.) 
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One point in connexion with the corrosion of iron, which 
does not appear to have received the attention which it merits, 
is that very find-grained hard surfaces, sucli as thos^ of case- 
hardened or hardened iron and steel, rust far less quickly 
than those of the untreated material. ' 

Large open-grained metal, such as wrought and cast iron, 
is found to^corrode fairly rapidly; cast iron in salt water 
becoiiios soft and porous, so that in some cases it can be cut 
with a knife. • White,’close-grained cast iron is found to be 
less affected by corro.sion than the coajscr-graiiietf grey variety. 

The following table «hows the relative corrosion of mild and 
nickel steels, compared with wrought iron, under the re.spfic- 
tive influences of fresh and salt water ancj the weather : 


TABLE OLIX. 

Relative Corrosions of Steels and Iron. (H. M. Howe.) 


Metal. 

j rVera Water. 

j b't cA Water. \ Weather. 

1 Average. 

Wroujfht iron 

100 

100 

' 100 

100 

Mild stopl 

114 

04 

, 103 

103 

3 per cant, nickel steel 

83 

HO 

■ 07 

77 

20 per cent, nickel steel 

32 

32 

30 

31 


The following values’" relate to the relative corrosions of 
rolled bars of Delta IV. metal, wrought iron, and steel, each of 
which measured 7 "5 inches long, and had a sectional area of 
0’62 square inch, and which were exposed for 6| months in 
pit water: ■, 

TABLE CLX. 

Relative Corrosions of Metals in Pit Water. 


Metal. 

« 

Weight of Bar 
when first put into 
Water. ' 

* 

Weight after 
; 0^ Months. 

1 Percentage Loss 
\ III Weight after 
6^ Months. 

1 

Wrought iron .. 

Pounds. 

,1-1806 

Pounds, 

• 0-6393 

46-3 

Delta metal 

1-2787 

1-2633 

1-2 

Steel 

1-2125 

0-66U 

45-45 
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Manganese bronze, when immersed in colliery water, noted 
for its bad rusting properties, was found to have lost about 
20 per cept. of its weight after 52 days’ immersion, and Delta 
metal 4’43 per cent. 

It has also been found that the acids and other constituents 
of timbers, such as oak, cause corrosion of iron or steel 
objects in contact with them. 

For this reason it is usual to employ copper,' aluminium, 
or copper alloys, such as the bronzest and D^Ita metals, for 
fittings directly attached tb timber.' 

Copper bolts and rivers are much used in shipbuilding and 
structural work partly for this reason. 

There are now certain alloy steels, such as the 25 per cent, 
nickel steel and high chrome or “ stainless ” steel, which are 
practically non-corrodible, whilst certain of the aluminium 
and copper alloys will withstand exposure for long periods 
without experiencing corrosion. 

It has been shown that corrosion is greatly accelerated by 
the increase in the sulphurous acid in the air of manufacturing 
towns, and by the preseiKic of strong electric currents in the 
ground of towns. 

For these reasons, ordinary lead pigment paints are not 
satisfactory, and mon^ effective measures must be adopted. 

Mill-black (FcjO^) has been found to be electro-negative 
to the metal itself, and therefore to act as a stimulator of 
corrosion under certain circumstances. 

Linseed oil, which is frequently employed for paints and 
coatings, is an unsaturated hydrocarbon, and acts under certain 
conditions as a depolarizer, so that it accelerates corrosion 
in these cases. 

Corrosion Prevention Measures. 

Apart from the prevention of rusting or oorrosion by keeping 
the metals thoroughly dry—a procedure which can seldom 
be realized in practice—there are four principal methods of 
protecting metallic surfaces which are exposed to corrosive 
influences—namely: ' 
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(а) The process known as “ browning ” or “ blueing ” of 
polished steel articles wliicli is, td a certain extent, a pro¬ 
tective measure,)the film of oxide formed protecting the metal. 

(б) By coating with a varnish or lacquer. 

(e) By painting with oxides, non-corrosive pflints, and solu¬ 
tions. , 

(d) By the deposition of a non-oxydizable or electro¬ 
positive metal upon the surfaces. 

(a) Browning Methods. . . > ^ 

The coinmone.st mode of “ browning ” consi.sts in heating 
the polished parts in a sandbath to a tianperature of about 
250° to 2()()° C., and allowing to cool. 

Another nndhod consists in heating to about 300° (f or 
above, and plunging tlu> |)art into oil; to obtain a thicker 
coating the ])art, when covered with mineral oil, i.s heated in 
a muffle or furnace until the oil is just burnt off and then 
plung('d into oil again. ' 

Other methods of browning emi)loy s])ecial chemical .solu¬ 
tions, and properly come under the heading of paints. 

In a number of the lu'ating proc(>s.ses to bi^ dc.scribcd, it is 
not 2 )ossiblo to efficiently trisat hardened and case-hanhmed 
steels, so that the adoption of (sild-metal iirocesses and paints 
is necessary in these instances, in order that the proper degri'o 
of strength and temper may be retained. 

(b) Varnishes and Lacquers. 

The method (b) possesses the advantage tjiat as the vnrni.sh 
or lacquer is usually transparent, the condition of the surface 
can bo readily examined; it is employed for .small parts 
which do not require to be handled very often. A good 
lacquer should be hard and elastic, but should not chiji or 
peel off, and should be capable of withstanding ordinary 
atmospheric temperature effects. These lacquers are often 
applied in the heated state to the metal surfaces. 

• The following are h few typical protective varnishes and 
lacquers for iron and steel: * 

* For fuller information reference should be ihade to Spon’B “Workshop . 
Recipes,” Kempe’e “ Year Book," and similar works. 
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Lacauers. 

These are generally employed for brass and aluminium 

f 9 

work, but the process of lacquering is more easy to ajiply to 
small than to Urge articles. 

Lacquer derives its name from one of its constituents— 
namely, shfllac or seed lac, which is derived from the gums 
or resins of trees exuded by the lac insect * < 

Shellac, or purified seed lac, in the form of thin sheets, is 

4- ^ 4» 

a constituent vl most lacquers, anjl when bleached it forms 
a colourless compound which is frequently employed in trans- 
parent varnishes and lacquers; alcohol or spirits of wine is 
used as a solvent for most resins and gums. 

It is necessary to' thoroughly clean the articles beforehand, 
and to heat them to about 100“ C., taking care that there are no 
oxydizing influences nor grease or oil present, during heating. 


Brass Lacquers. 

Ordinary lacquer consists of shellac dissolved in alcohol 
(methylated spirits), roughly in the proportions of half a pound 
of shellac to one gallon of the spirit. The clear portion of the 
spirit is canted off and filtered, when it is ready for use; the 
addition of resins and other ingredients is made in order to 
improve the quality of the resulting lacquer. The follow'ing 
are typical lacquers for brass: 


[A) Shellac .. 

JSandarac 

Annatto 

Dragon’s blood resm 
Spirits of ivine .. 


S ounces 
2 
2 

^ ounce 
1 gallon 


The article to be lacquered 
should be .slightly heated and the 
lacquer applied with a camel-hair 
brush. 


{B) For Instrument Lacquering ;f 
Seed lacquer.. 

Dragon’s blood 

Amber and copal (powdered) 

Red Sanders extract 

Oriental saffron 

Coarsely powdered glass .. 

Absolute alcohol 


6 ounces. 

40 grammes. 
2,ounces. 

\ draclim. 

36 grammes. 
4 ounces. 

40 ounces. 


• ‘‘The Lac Industry,” Journ. of Boy. Soc. Arts, August 10, 1919. 
f Spon. ‘ 
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Iron and Steel Lacquers. 

These lacquersjnay be either transpnreiit, coloured, or black, 
and are usually made by the addition of asphaltum and 
similar substances to alcohol-shellac solutions,, or to solvents 
such as benzine or carbon-disulphide. 

Coal-tar products also form the base of metal’^proteoting 
lacquers. Tl'e following arc typical lacquers: 


(^) Asphaltum .. > . 

.. 3 pounds. 

Shellac .. . j .. . 

.. J pcKind. 

Turpentine .. .. .. .. ’ 

1 gallon. 

(B) Spirit black .. ’ .. .. . 

12 ounces. 

Methylated spirit . 

1 gallon. 

Sandarac 

.. 1 ounce. 

Button shellac 

3 ounces. 

{C) Camphor 

.. 1 ounce. 

Sandarac 

.. 3 ounces. 

Mastic 

.. 2 ounces. 

Elomi (dissolved in spirits of wine) 

.. 1 ounce. 


(D) A good lacquer for protecting nickel-plated fittings 
and brass parts upon automobiles may bo made by dissolving 
ordinary celluloid in amyl-acetate until it has the consistency 
of a thin .syrup. It should be kei)t in an air-tight tin, and when 
required for u.se should be a|)plicd with a camel-hair brush. 

(E) Dissolve white wax in benzine and apply with a brush. 
This method gives a fine warx surface, which will not, however, 
withstand much handling. 

Many of the metal protecting paints and so-called varnishes 
should properly come under the heading of lacquers. 

• 

Varnishes for Metals,* etc. 

Most varnishes consist of solutions of resins or gums in 
oil, turpentine, or alcohol; when the varnish is applied to a 
surface exposed to the air, the spirit evaporates and leaves 
the hardened oil, gym, or resin as a thin coating of uniform 
texture. I * 

Varnishes for metal work are mostly of the polished variety, 
and it is essential that they should give a hard, tough, and dur- 

• The following remarks also apply generally to the case of wood and 
similar varnishes. 


I. 


41 
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able auilaoe; the quality of a varnish will depend upon its 
ingredients, and upon the processes of mixing and applying 
it to the surface to be coated. 

The principal ingredient in varnishes are the resins,* or 
gum-resins, and it is upon the quality of the resin employed 
that the vqjue of the varnish largelj depends. 

The commonest resin employed is the ordinary rosin or 
colophony, which is obtained by distillation from spruce tur¬ 
pentine or from Bordeaux turpentinb. Amongst the resins 
employed for varnishes may bo mentioned the following— 
namely: 

(1) Amber. —A fossilized resin which is found upon seashores 
after heavy storms,, and in fo.ssiliferoiis deposits; it is one of the 
best rosins for varnishes, being very hard, tough, and durable. 
It is hard to dissolve, and when in a varnish dries very slowly; 
it is one of the ingredients of the more expensive varnishes. 

(2) Co-pal. —A resit!, imported from the tropics; it is used 
in three qualities, and graded according to its colour, the palest 
being the best. 

(3) Gum Anime. —A hard resin, difficult to dissolve in alco¬ 
hol, which is very hard and durable. It tends to darken in 
colour and to crack when used alone in varnish. 

(4) Dragon's Blood. —This is a dark red resin, which is used 
for varnishes and for colouring varnishes. It is sold in powder 
or lump form. 

(5) Sandarac .—A resin derived from the juniper tree; it is 
light in colour and rather soft. 

Other resinous substances employed include gum dammar, 
gum elemi, and lac. 

Those resins each require suitable solvents; for example, 
alcohol or spirits of wine is used for shellac, lac, and sandarac; 
turpentine for mastic, gum dammar, and ordinary resin; and 
boiled linseed oil for amber, gum animb, and copal. 

The nature of the solvent also determine! the class of the 
varnish; thus an oil varnish is one in which the gums or resins 
are dissolved in oil, a spirit varnish one in which alcohol is 

• The so-called “ gums”'are soluble in water, and should not, therefore, 
be used for varnishes of exposed parts. 
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the solvent, and toater varnish one in which the gum is dissolved 

» 

in water. 

Oil varnishes*&ie the hardest and most durable, iJut require 
a much longer time in which to dry;* they axe usually made 
from the hardest gums, such as amber, copal, and gum anim6 
dissolved in linseed, popjjy and other oils. • 

A typic^ oil varnish, suitable for protective purposes, 
and for coach- and motor-body work is as follows: 

Ba.st A/rican eopal .. .. .. Hf>c*nd«. 

Clarilicd oil .. . * .. * .. * .. 2 galion.s. 

Turpentine .. ^ . .* . .^ .. Hi galloiia. 

The first two ingredients are boiled together slowly for three 
or four hours until quite stringy, and ^re then mixed with 
the turpentine. 

Another oil varnish suitable for protecting metals and 
timbers against atmospheric influences is as follows: 

Powdered resin .. .. .. t . • d pounds. 

Turiientine .. .. .. .. .. .5 pints. 

Boiled linseed oil .. .. .. .. IJ gallons. 

The first two ingredients arc dissolved, and the oil is added 
afterwards. 

Spirit varnishes are usually made from the softer gums and 
resins, such as sandarac and lac (or shellac), dissolved in 
alcohol (or spiirits of wine). These varnishes or lacquers give 
a hard and brilliant polish, and dry much more readily 
than the preceding ones, but are not so durable and arc apt 
to crack and peel off; they are chiefly used for timbers. 

The following are typical spirit varnish’compositions: 

(A) Copal Spirit Varnish : 

Copal gum .. .. .. .. .. 8 parts. 

Balsum capivi .. .. .. .. 2 „ 

Turpentine .. .. .. .. 10 ,, 

The two former ingredients are melted first and then added 
to the warmed'tuif^entine. 

{B) Gum samfdrac .. .. .. .. 7 poundB. 

Spirits of wine* .. . .. .. 2 gallons. 

Turpentine.1 quart. 

Thi^ is a hard white varnish. 

* A good coach varnish usually requires from 1J to ? days to dry properly. 
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{<7) AsphcUle Varnish for Iron and Sled : 

Tar oil .. .. ' .. ., .. 2 pounds. 

Asphaltum .. .. .. .. • • i pound. 

Powdered resin .. .. .. • • i pound. 


These ingredjents should bo melted in an iron vessel and 
thoroughly mixed by heating. 

(D) A gotd protective varnish for' preserving polished sur¬ 
faces is obtained by adding a little olive oil to jUielted resin 
in a pot, and then, after removing the pot, adding a small 
quantity of tv.rpentine. lYith a little experience in apportion¬ 
ing the constituents, a fine, hard, elastic coating can be obtained. 

(E) Another excellent‘anti-rust varnish is made by powder¬ 
ing and digesting at a uniform heat the ingredients below, 
and then adding tttrpentinc to the melted mass. Finally, 
after the whole has formed a proper solution, rectified alcohol 
(180 parts) is added; the final solution is then filtered through 
paper or fine cloth and is ready for use. The following are 
the proportions of thc'> constituents: 


Resin .. .. .. . ..120 parts. 

Sandarac .. .. .. . .. IHO ,, 

Gum lacquer .. .. .. .. 00 ,, 

Kssonce of turpentine .. .. .. 120 ,, 

Rectified alcohol .. .. .. 180 ,, 


[For other recipes tlu^ reader is 


■eferred to Spon’s “ Work¬ 


shop Recipes,” volume iv. (E. and F. Spun, Ltd., London).] 


Protective Paints and Coatings. 

One of the commonest, and, at the same time, most econo¬ 
mical metal protective methods, consists in painting the surface 
with a coating of suitable ingredients.* 

It is, of course, of primary importance to select only those 
materials which do not chemically affect the metallic surfaces. 

An efficient metal protecting paint or covering of any kind 
should possess the following characteristics—namely: 

(1) It should be quite water and acid proof. 

* Enamels consisting of suitable pigments, and dr]-ers with varnish as 
the vehicle are also classed nndel this heading. The process of stove- 
enamelling consists in heating the enamelled parts, whilst still wet, for a 
period varying from 12 tc 48 hours in a constant temperature warm 
oven. A hard and brilliant surface results, which is an excellent corrosion 
preventer. 
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(2) It should be chemically stable. • 

(S) It must have about the same coefficient of expansion as 
that of the metlil itself, to avoid cracking and crinklhig. 

(4) It must bo impervious to extreme atmospheric heat 
influences. 

(5) The surface should bo hard, tough, and,elastic, and 
thoroughly jn contact with the metal itself. 

(6) It should withstand vibration and a rcasonabh' amount 

of friction anfl abra.sion.'' ^ , , 

(7) It should iircferably be,a nonVonduotor of electricity, 
and should be free from ilepolarii»iiig constituents such as 
unsaturated hydrocai'bons and lin.seed oil. 

(8) It should give a good covering sifrface, and be cheap 
and convenient to use. 

One of the commonest of protective coatings consists of a 
mixture of oxide of iron (known as “red lead”) and linseed 
oil; it is used as a primary coating for«steel and iron plate. 

Linseed oil is one of the principal ingredients of most of the 
preserving paints, and the pigments consist of white lead (car¬ 
bonate or oxy-sulphate), white zinc (oxide), red lead, graphite, 
lamp-black, and various colounal pigments for tinted paints. 

It is necessary to include in the composition of paints 
certain substances such as litharge, sugar of lead, or white 
copperas, to act as driers. 

The addition of a suitable pig?n(mt to an oil paint inermses 
the efficiency of tins latter as a metal protective paint up to a 
certain maximum, after which the furtljer addition of pig 
ment has a detrimental effect ; it is essential to employ a 
good oil such as boiled or polymerized linseed oil. 

The pigment toughens the resulting film and renders it 
less permeable to water, oxygen, and other corrosive influences; 
it also reduces the expansion of the oil on setting, and therefore 
minimizes the “ crinkling ” tendency which is primarily duo to 
the expansion (Aout 3’3 per cent.) of the linseed oil on cooling. 

It is stated* that the most permanent paints are those con¬ 
taining black or red pigments, since these absorb the shorter 

• “ Paiat for Iron,” by Dr. J. Newton Fritnd, Jou*-n. of Iron and Steel 
Inst., 1918. 
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rays of light and prevent them from accelerating the destruc¬ 
tive oxidation of the linoxyn by the air. Finer pigments are 
more efficifent than coarser ones owing to their*" being in more 
intimate contact with the oil. 

When protective paints or coatings are applied,* it is better 
to obtain tlte necessary minimum thickness for protection, 
by giving several thin coats in preference to o^e or more 
thick coats. It is also considered desirable to paint steel plates 
with the hard(“ foiling scale ” still on,' sfnce this?jcale, or black 
iron oxide (Fe 304 ),is, in itself, q. protection; those remarks do 
not, of course, refer to the loose, easily detachable scale. 

There is a large number of metal primers or paints upon the 
market, many of which give satisfactory results. The basis 
of many of these paints consists of a tar or hydrocarbon oil. 

Tar Oil Preservatives. 

An efficient rust preventer for iron and steel consists of 
a liquid made up of equal parts of tar oil and hydrocarbon oil; 
this should be applied to the cleaned and heated surface of 
the metal. 

Another good prc.servative consists of coal tar which has 
been boiled to expel the moisture and naphtha, and which, 
when cold, is mixed with naphtha in the proportions of about 
16 parts of the oil to one of naphtha. 

Rust-Proof Coatings for Steel. 

(A) The following is the compositionf of an efficient pre¬ 
servative coating: ' 

Calcium resinate .. .. .. .. 36 parts. 

Manganese borate .. .. .. .. ^ part. 

Lead acetate .. .. .. .. I „ 

Artificial graphite .. .. .. .. 2.5 parts. 

Naphtha .37J „ 

Linseed oil .. .. .. .. .. 25 ,, 

These ingredients are well mixed and qre lapplied to the 
surface to be coated by means of a brdsh,jor by dipping. 
The surface is then heated to 300° F. in an oven for about 

r 

two hours. The surface obtained is a polished one. 

• Modern methods of painting articles, motor-car bodies, etc., are de¬ 
scribed in Vol. II. of this work. , 

c t American Machinist. 
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{B) A method often adopted for protecting new machinery 
and stored parts is to smear, or apply warm with a brush, a 
mixture compoSbd of 1 ounce of camphor dissolved i» 2 pounds 
of melted lead, to which fine plumbago or black lead is added. 
This mixture can be readily wiped off at any lime. 

(C) Another method fflansists in adding 7 ounces of quick¬ 
lime to about If pints of cold water, afterwards pouring off 
the supernatant liquid. Sufficient olive oil is added to the 
mixture to giwe it a*eveam-like consistency^. ^The articles 
are greased with the resiiltin'^ mixtth’c, and may be further 
protected by wrapping them in soft *ags. 

Chrome Paints. 

It has been found that if iron and steel surfaces are painted 
with a 5 to 10 per cent, solution of chromic acid or potassium 
bichromate solution, they will withstand corrosion to a remark¬ 
able extent. The process docs not appear to affetd the struc¬ 
ture of the metal, and its action is not yet fully understood. 

This process is not as it stands applicable to commercial 
purposes, but is quoted merely in order to point out the benefi¬ 
cial effects of chromium compounds. 

It is stated* that the best paint pigments of this class are 
zinc chromate, American vermilion, and chrome yellow 
orange. The following is the composition of a chromium 
paint which is recommended; 

American vermilion or zinc chromate .. 40 pounds. 

Red lea<J .. ., .. ,. .. 10 ,, 

Venetian red .. .. .. .. 5 ,, 

Zinc oxide and lamp-black (.sufficient to* 
produce the desired shade). 

These ingredients should be ground in gallons of raw 
linseed oil, increasing the quantity as required for the added 
colouring pigment, and about 1 pint of drier compound should 
be added. This mixture should be thinned for use with raw 

oil and a little benzine or turpentine. 

* 

Quantity of Paint Required. • 

For the first coat, upon a properly cleaned surface, 1 gallon 
of ordinary paint wilt suffice for from’2.'50 to S.'iO .square feet, 

* Dr. Cushman, Bulletin No. 30, U.S. Dept, of Agriculture, 1907. 
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whilst for the second and each subsequent coat it will cover 
about 300 to 460 square feet. <• 

Bowranile Paint. 

A very effective bituminous paint employed for rust-proof¬ 
ing steel and iron is known as “ Rowranite it possesses 
the advantages ot giving a hard, elastic, waterproof covering, 
which withstands the ordinary thermal expans'ions and con¬ 
tractions without crinkling or crac.kirg, and jt is practically 
unaffected l)y atmospheric influences, sea water, or sulphurous 
gases. , ' , 

The writer has made certain tests with this covering, and 
has found that it is very efficient as a metal protector. It is 
n(^cessary to clean the surfaces well before applying the thin 
black Bowranite paint, and to give two coatings; each coat 
dries in about three hours. About 1000 square feet superficial 
area can be covered with 1 gallon of this covering, so that it 
does n(fl add appreciably to the weight of an article to treat 
it in this manner; indeed, it shows a marked improvement 
over the ordinary metal coating processes. 

It may bo of interest to quote the results of some fairly 
stringent testsf made upon this paint: 

(1) Two steel plates were taken, one of which was coated 
with Bowranite to the maker’s instructions, and the other w'as 
untreated. Both were simultaneously exposed for 40 days 
to the atmosjjhere and the weather; at the end of tliis period 
the uncoatod plate was red with rust, and had lost one-thirtieth 
of its weight, whilst the coated plate was quite unaffected. 

(2) Two steel plate,s, one coated and the other untreated, 
were intermittently immersed in sea rvater, and then exposed 
to atmospheric influences by arranging for them to be alter¬ 
nately covered and exposed by the rise and fall of the tide for 
a period of 4c days. At the end of this pertod the uncoated 
plate was very rusty and had lost one-third of its W’eight, 
whereas the coated one was 'unaffected ,in appearance except 
for a slight deposit from the water and had lost no weight. 

"■ Manufactured by Messrs. R. Bowran and Co., Ltd., Newcastle. 

■f Tests made by Dr. Dunn, F.I.C. 
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(3) Two stool plates, one coated and one untreated, were 

botk exposed to acid fumes in, a chamber for 46 days, after 
which the untriftitod plate was nearly rotted through, whilst 
the coated plate was found to have lost no weight. Only a 
slight dulling and roughening of the surface was found to have 
occurred. • 

t ^ 

(4) The elasticity of the paint was tested by coating a piece 
of bright copper foil and bending it backw ards and forwards 
until it brokci! it was* found that the coatin" showed no 
tendency to crack or peel 'off. * * • 

Coslettizing. —This jwocess, which i.» often applied to bicycle 
and car frames and other similar cases, consists in boiling 
the steel parts for a definite period in a* solution consisting 
of 1 ounce of iron tilings and 4 ounces of phosjdioric acid 
in eacli gallon of water. Th<^ surface obtained is matt-black, 
and it has been shown to be a very sati.sfartory rust pre¬ 
venter; it can, moreover, he stovc-enaijielled aft(>rward8. 

Metal Coating Processes. 

Many steel, iron, brass, and other metal parts are now pro¬ 
tected against oxidation and corrosion by giving them a coating 
of another non-oxidizablc metal, such as zinc, copper, nickel, 
or aluminium; inmost cases there i.s an intimate admixture 
or alloying of the two metals at the surfaces of junction. 

The principle upon which the results of all zinc depositing 
processes is based depends upon the fact that when iron or steel 
and zinc are in contact and arc immersed in an electrolyte, the 
zinc is electro-positive to the iron, and therefore the zinc will 
be dissolved away and the iron left practically unaffected; zinc- 
coated iron or steel in a moist atmosphere containing oxygen 
and carbon dioxide behaves in this manner, the zinc only 
corroding. 

This is the piino^le of the method adopted in steam boiler 
practice in ordef to prevent the steel boiler shell and tubes 
from rusting in the j)resence of the hot water (which often 
contains acids). In these cases, slabs of zinc are suspended 
within the boiler, and these gradually (fisappear, the iron being 
protected all the time. Cast-iron pipes placed underground 
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for long periods are often corroded by electrolytic action, the 
oxides of iron mixed with the graphite usually remaining in 
place an/i presenting the same outward appearance as before, 
but actually having no mechanical strength and little cohesion; 
the presence of stray currents from electrical systems such as 
electric railways and tramways als@ greatly assists the above 
action, 'rtie following table shows the electrolytical order of 
various elements, each element being electro-positive to those 
following it: » >’ e 

' ' .TABLE CLXI. 

Order of Elements. 


Element. 

Absolute Potential. 

Element. 

Absolute Potential. 

1. Manganese .. 

■h 0-71)8 volt. 

0. Hydrogen.. 

~ 0-277 

2. Zinc 

-l-0-4<)3 

10. Copper 

-- 0-600 

3. Cadmium .. 

-h 0-143 

11. Mercury .. 

- 1-030 

4. Iron .. 

-h 0-007 

12. Silver ' .. 

1-048 

5. Tellurium .. 

-t-0-045 

13. Chlorine .. 

- 1-630 

6. Cobalt 

-\l-045 

14. Bromine .. 

- 1-270 

7. Nickel 

- 0-04!) 

15. Iodine 

- 1-797 

8. Lead 

-0-12(1 




Note .—Elements above hydrogen, in number, pass into solution when 
in contact with hydrogen ions, and tiiose below iiydrogcn are not attacked. 

The protecting metal may be deposited electrolytically by 
chemical means, by the method of mechanical deposition, 
utilizing a fine spray of pulverized metal, or by dipping. 

Small aeroplane fittings such as steel bolts, strainers, clips, 
sockets, and plates are frequently protected by first pickling 
in a weak hydrochloric acid bath, then copper plating, and 
finally dull nickel plating.* 

The small screws, springs, clips, and similar parts used in 
instruments are often dull copper plated by placing them 
in a copper sulphate solution, in contact with an iron plate. 
Many of the patented processes employ zinc ^s the protective 
surface, the zinc being deposited either clf;ctrolytically, by 
dipping the article in moltqn zinc, chemically, or by metal 
spraying; one or two of the better-known processes will now 
be considered. 

• For fuller particulars see “Nickel and its Alloys,” Chapter IV., Vol. II., 
of this work. 







THE PROTECTION OF METAL SURFACES* 661 


Galvanizing. 

The ordinary process of hot galvanizing consists in first 
cleaning the articl? of all scale, paint, or dirt, and then pickling 
it in a 5 to 8 per cent, hydrochloric acid bath for about 8 to 
14 hours. It is then dried and is next dipped into a molten zinc 
bath at a temperature of‘from 400° to 500° C. \yhen it is 
deemed to hav^ attained the hath temperature it is withdrawn, 
drained of all superfluous zinc, and then immersed in a water 
bath. SalammtAiiao is iftod as a flux. ^ , 

Objects such as rods, wires, scrips, ol plates may be drawn 
through the bath, and wiped mechanically with asbestos wipers 
as they leave the bath. .It is often considered advantageous 
to add a zinc-aluminium alloy consisting of tibout 20 per cent, 
of aluminium to the molten zinc in order to give better fluidity. 
The frosted appearance of galvanized articles, such as steel 
sheets, is obtained by adding tin to the zinc. 

The additional weight due to hot galvanizing is about 2 to 
3 ounces per square foot. 

When zinc is deposited elcctrolytically in a sulphate bath 
the coating obtained weighs about I ounce per square foot, 
so that this method is preferable in cases where weight economy 
is the first consideration. 

Zinc-coated parts, w'hilst resisting ordinary atmospheric 
corrosive effects, are quickly corroded by sea water, tunnel 
and flue gases, and similar causes. 

Electrolytic Zinc-Iron Method. 

A method* has been developed for coating steel articles with 
pure electrolytic iron, and afterwards with zinc. 

It is well known that the purer the iron is, the less liable it is 
to pitting and corrosion, and that chemically pure iron is 
the most rustless form pf the metal. 

The above-mchti»ned process, termed “ ferro-zincing,” 
takes advantage of these facts by coating the steel surface with 
almost pure iron, elec.trolyticalljf, the only impurity being 
hydrogen; the presence of this latter element is considered an 

• Sherard Cowper-Coles. See Bn^ineeritlg, June 12, 1914. 
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adv^tage, as it makss the iron slightly more electro-positive 
to the underlying steel. 'The process is a “ cold ” one, so that 
it does 'not affect the strength properties of'the steel treated. 

It has been found in practice to be advantageous to coat 
the electrolytic iron surface with zinc, as a zinc coating with 
an interijiediatc layer of pure iron-hydrogen alloy gives a 
greatly incr(^ascd life to ordinary steel tube or plate. 


Sherardizipg. 

This procc.ss* consists in first pickling the articles as for 
hot galvanizing and then packing them in pulverized zinc 
or zinc dust, to which zinc-oxide, vrith a small quantity of 
powdered charcoal, is added. The whole is heated in a closed 
air-tight retort to a temperature below the melting-point 
of zinc, usually from 2.50“ to 320® 0. 

The period of the process varies from one to several hours, 
depending upon thiV size of the articles and of the retort; 
mechanical agitation, or rotation of the retort, is found to give 
a more even coating. The retort is allowed to cool down 
gradually after the above process. 

In order to prevent caking, to reduce the amount of zinc 
oxide necessary, and to give a brighter finish, a quantity 
of sand is sometimes mixed with the zinc dust. 

It has been shown that this method of alloying zinc with 
iron at a temperature below the melting-point of zinc is 
attended by a certain hardening effect. 

The results of this proce.ss give a zinc surface similar to that 
obtained by the ordinary galvanizing process. 

The Bower-Barff Process. 

This process,! which is largely usqd fqr small hardware 
articles, consists in heating the steel or iron parts to about 
980° 0. in a closed chamber; superheated steam at a tern- 

* Patented by S. Cowper-Coles in 1902. 

f Tran8. Amer. Inst. Mech. Engineers, A. S. Bower, 1882, p. 329; 

Iron and Steel Inst., F. S. Barff, 1877, p. 366; Trans. Amer. Inat. MeohT. 
Engineers, iv., p. 351. 
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perature of about 640° C. is then injected into the chamber. 
The steam is decomposed, and the oxygen liberated acts upon 
the iron, forming* magnetic oxide of iron as a pihtective 
coating. 

In place of the steam, air and carbon monoxide may be used. 
Another variation of the original method (Huisists in subjecting 
the articles, ^hich have been previously heated to about 
870° C., to the superheated steam for a period of about half an 
hour, and then tb produced gas for another 15 tr^ JO minutes; 
the object of the produced gas, which contains carbon 
monoxide, is to reduce dlny red oxide of iron formed. 

'Ihis process may be •repeated .several times in order to 
increase the thickness of the coating, and iPis found that east 
iron and steel require more' heat than ordinary iron. 

In the “ Wells process,” which is an improvement upon the 
above, the superheated steam and producer gas ar(^ introduced 
at the same time. 

The coating obtained by this process is a gri^y colour, and 
if not too thin will withstand rough treatment. It will with¬ 
stand the action of saltwater, acid fumes, and ordinary atmo¬ 
spheric influences, and the surface may be painted or enamelled. 
The grey colour may bo chang(!d to black by boiling. Articles 
are found to slightly increase in size by this process. 

The Gesner Process. 

This commercial process of Dr. Gesner* possesses the advan¬ 
tage that articles do not increase in size, nor are they distorted. 

The process consists in heating the articles in a retort to a 
temperature of about 650° C. for about 20 minutes, and then 
allowing p.irtially decomposed steam (which has been passed 
through a red-hot pipe) to act upon the articles for another 
30 minutes. At the, expiration of this period, a hydrocarbon 
such as naphtha ij introduced, and is allowed to act upon the 
articles for about 15^minutes. -When the temperature of 
the retort has fallen to about 430° C. the articles are with¬ 
drawn * 


Journ. Iron and Steel 1ml., 1890, p 860. 
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The Roniempi System. .. 

This process* is employed for rust-prooflgg sheet steel and 
iron, chains, bolts and nuts, and similar objects. It consists 
in heating the articles, which are disposed upon shelves in a 
metal cage in a muffle heated by means of Bunsen gas burners, 
to a certain temperature, after which superheated steam is 
turned on and allowed to act upon the parts fol about half an 
hour. Finally, chemical fumes at,a high temperature are 
allowed to® replace tjio'superheated steam, after which the 
cage is run out of the muffle^on a trolley, and brought quickly 
under a metal cover or box, which is lowered over the cage to 
enable the articles to cool slowly. 

It is stated that the thickness of the protective layer is 
about of an inch. 

Lead Coatings. 

Lead coatings are sometimes applied to iron and steel articles 
for protective purposes, and provided that the lead is perfectly 
alloyed or bonded, it is very effective. The electrolytic 
method of depositing lead does not yield reliable results, 
the coating being porous, so that the lead-dipping process is 
preferred. 

Terne sheets, which are fnxjuently employed in place of 
tinned iron sheets, are made by dipping cleaned and pickled 
steel or iron sheets into molten load. 

Many articles are now coated by dipping with tin-lead 
alloys and wiping; the interiors of domestic iron and cast 
iron utensils, steel pipe, and other fittings are frequently coated 
with these alloys. 

Aluminium Coatings. 

Iron and steel work is sometimes protected by electro- 
lytically coating with aluminium, or aluminium alloys. A 
high voltage is required for this process. 

These coatings, wljen made from the correct alloys, possess 

• For fuller particulars vide the AtUornr, November 20, 1916. 
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the advantages of lightness, and possess a good appearance, 
but they are not always impervious to sea water influence. 

• • 

Nickel Plating.'* 

Many automobile and aircraft fittings and parts are now 
nickel plated for protective and for appearance* purposes. 
Nickel’* itself js a silvery-white metal having a specific gravity 
of from 8’3 to 8’f); it is ductile, hard, and almost as strong 
as iron. It has*a meltirrg-|loint of about 16.50° p.« 

It has been found that whilst pic\el plating is very suitable 
'for metal parts which (fro not subjected to reversed loadings, 
yet in the case of metal wires and thin plates, sj)rings and 
similar objects, the nickel has a tendency t6 crack and to peel 
off. 

In many cases nickd plating is attended with an aj)prcciable 
hard(!ning effect, and for this reason the process of nickel 
plating petrol and oil pipes has been abandoned by many 
automobile and aircraft manufacturers. 

Rust-Proofing Cast Iron. 

There are many methods for effectively protecting cast 
iron from corrosion. 

Many of the bituminous paints and varnishes previously 
mentioned are suitable for this purpose, but the following 
notes refer to special methods which have been recently 
developed for the purpose of giving jnorc permanent results. 

(1) The Silicate Coating Method. 

When iron is oast in the sand mould, it usually obtains a 
coating of silicates (derived from the sand itself), which forms 
an effective protecting surface. 

A process, known as •Ward’s Inoxidizing Method ,coats the 
oast or wrought iron articles with silicates by immersion in a 
suitable bath of soluble silicates pr by means of a brush, and 
afterwards, when dry,* exposes the coated articles to a suffi- 

» Vide “ Nickel and its Alloys,” Chapter ly?, Vol. II., of this work, 
t Spoil’s “ Workshop Recipes,” vol. iv., p. ^8. 
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ciently high temperature to melt the silicates, which run and 
iill aU of the pores. After cooling, a dead-black dense and 
uniform Vjoating is obtained which does not Crack or corrode. 
It is stated that excellent effects may be obtained by adding 
to the silicate pigments used for colouring glass. 

(2) Coal-Tar Method. 

A very effective lustrous black coating, impervious to acids 
or atmosph,“r{0 action, can be giieii to cast iron and steel 
bodies by heating them upon a wire tray in a closed iron box, 
containing a layer of crashed blacksmith’s coal at the bottom,' 
to a red heat. 

The coal dust gives off tarry constituents which cover the 
metal parts, and, if the heating is continued until the evolution 
of gas ceases, and the box is allowed to cool slowly, the best 
results are obtained. 

(3) Inoxidizing Process. 

A method frequently employed for protecting the surfaces 
of cast-iron articles, such as domestic ware, fireplaces, water- 
pipes, ornamental railings and fittings, consists in heating the 
parts, which are placed in shelves or on hooks in an iron truck, 
in a reverberatory furnace of special construction, at a tem¬ 
perature of from 600° to 700° C. for a period of about 15 minutes, 
the atmosphere being an oxidizing one. 

The atmosphere is then changed to a reducing one (that is, 
to one containing no oxygen) for another period of about 20 
minutes. ' 

The colour of the articles, wlien cool, is a slate one, and they 
may be further protected by enamelling or painting. 

Oxy-Oil Quenching Method. 

A method which has been widely employed for rust-proofing 
cast-iron parts such as fusps, castings, machined parts, etc., 
consists in first removing all grease froin the bodies by washing 
them in boiling caus'Jc soda and in hot water, and next in 
heating them to abbut 700" to 760° C. in a specittl furnace, 
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in which an oxidizing atmosphere is maintained by mean? 
of an excess of air supply or simdM methods. 

Tlio parts ar^ then oil-quenched in two stages, firstly by 
means of a preliminary short immersion in oil, and then by 
a final immersion in oil to cool right out. The object of the 
preliminary immersion is to relievo part of the temperature 
stresses which would otherwise result from a single?immersion. 
Special furnftccs are now available in which the articles are 
hooked upon or place(| ip the segments of an endless chain 
conveyer, which carries ihom slowlj; througS ^he oxidizing 
furnace, and first into one oil mftdium and then into the second. 

t • 

For this purpose gas-fired fu(inaces are very suitable, as 
the air and gas supplies*can bo independently regulated so as 
to obtain the necessary temperature and oxidizing atmosphere. 
The coating obtained by this process is a black one. 

It is essential to keep the air for admission dry and the oil 
bath cool. It is stated* that about 330 pounds of small cast- 
iron bodies can be coated per hour with ?i total gas consumption 
of 1-60 cubic feet per pound of metal treated. 

The Corrosion of Copper. 

Copper, when exposed to the air, oxidizes very .slowly, and 
in time becomes coated with copper carbonate or verdigris, 
a light blue coloured salt. 

Salt water and distilled water exert a much more rapid 
action, particularly when air is present; the action is one of 
chemical oxidation. 

The surface of copper can be protected by giving it a coating 
of red oxide of copper; it is stated that the Japanese cast copper 
under water, the metal and the water both being heated before¬ 
hand, in order to obtain their characteristic rose-coloured tint, 
due to copper oxide. When copper is heated in steam to 
a high temperature* cuprous oxide is formed upon its 
surface, which affob^s a fairly permanent protective coating. 

It is usual to Varnish or lacquer copper articles intended to 
retain their original* polish, and there are many varnishes 
and lacquers available for the purpose 

• The Davis Furnace CoiUpany. 


I. 


42 
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The Corrosion of Brass. 

4. considerable amount of research work has been done by 
the Corrosion Committee of the Institute of Metals, and several 
reports have been issued dealing with the subject. 

The following is an extract from a description* in the 
Fourth Report, of the actions which take place when certain 
metals and alloys, such as brass, corrode in distilled and sea 
water. • 

It is stated that the action of these liquids upon metallic 
zmc and upcSn'copper is one of cheniioal oxidation rather than 

an electro-chemical action. • 

0 * 

“The action of distilled water'on 70 30 brass is considered to bo the 
chemical oxidation of the copper and zinc and the partial solution of the 
oxidized products. MiJch of the zinc, in the presence of carbon dioxide, 
passes into solution, and part of the copper. The residue of both metals 
remains on the surface of the alloy as an oxide scale, and this becomes 
further oxidized and altered at certain spots which become covered with 
thick deposits of tlie products of attack. Such deposits are porous, and 
allow, and probably accolc’-ate, local attack on the underlying metal. The 
attack is accompanied by redeposition of copper by displacement by the 
zinc either electro-chemically or otherwise, and precipitation of cuprite. 
There are signs of slight local dezincification at such places, but the attack 
over the general surface of tlic alloy is complete corrosion. The positions 
at which local attack and pitting take place are not determined by the 
variation in the electrical projierties of the original metal, but by the con¬ 
ditions of the experiment. In the presence of dilute acids, such as hydro¬ 
chloric and sulphuric, local action of the type described does not occur, 
since there is little or no local accumulation of oxidation products. On 
the other hand, the absence of carbon dioxide retards the action. From 
the analytical data it appeared that the local action in the case of distilled 
water increased with time, while the rate of general corrosion over the 
whole specimen fell off. These facts suggest the fallacy of loss of weight 
test, since local action is more important practically than general corrosion, 
“ The action of sea water on brass has been studied on the same lines 
as that of distilled water. The action is considered to be similar in type. 
Local pitting and dezincification are due to the accumulation of the products 
of corrosion. Under certain conditions redeposition of copper may occur. 
The rate of general corrosion is much greater than that in distilled water, 
and does not fall off so rapidly with time. At the qrdinary temperature 
there is less tendency to local dezincification. ,, 

“ The ordinary 70 : 30 brass tube of commerce is not-liable to any electro¬ 
lytic action set up by anodic and cathodic areas inherent in its surface, even 
in the presence of good electrolytes such as sea water. It is corroded, under 

• Times Engineering Supplement, April, 1919. 
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normal conditions, by a slow chemical action, which produces a slight 
roughening of the surface, but no well-defined*pitting. Unless this action 
were^speeded up locally by factors independent of the tube, the life of a 
tube would normally be 15 to 20 years or raor > in the case of dee^ sea water, 
and many types of neutral fresh water. If acid be present in the l^ater in 
the proportions of only a few parts per 100 , 000 , the speed of attack is greatly 
increased, the action being a general thinning of the tube. Neutralization 
is quite effective in stopping tlqs increased action. 

“ The following conditions are set forth as those under Vhich a tube 
would have a nymal life of 20 years. In praotico’tubos fail sooner because 
the normal slow roughening of tho tube by chemical oxidation is locally 
speeded up by faef^rs which^jr^for the most part independent of the tube 
(a) Only clear water to enter tlje tube, 05 watpr that wifl Sot deposit sus¬ 
pended matter. ( 6 ) The water must free from gases in suspension, and 
must not contain more than*the normal amount of air in solution, (c) The 
water must bo neutral or not more than fery sliglitly alkaline. It must be 
free from ammonia, and certam other .specially harmful substances which 
are, however, of comparatively rare occurrence m technical waters, {d} The 
temperature of tho cooling water m the hottest part of the condenser should 
not exceed 35® C. (e) Tho speed of tho water should be about 5 or 6 feet 
per second. (/) The steam should be properly distributed in tho condenser, 
according to the best modern practice. 

“ As it does not seem likely that tlie problem*of preventing local pitting 
will be solved by improvements in composition, it may in certain circum¬ 
stances be desirable to add to the resisting power of the tube by special 
treatment before it goes into use. »Such treatment, for instance, may be 
the production on tho tube of a resistant scale by artilicial means. Such 
a scale may consist of oxide, calcium carbonate, or a basic salt, or a mixture 
of tliese substances. The simplest, but not tho most efficient, case of such 
a scale is an oxide scale produced upon the alloy by treatment in an annealing 
furnace in an oxidizing atmosphere, and a number of experiments have 
been made with tubes treated in this way. 

“ The treatment in the cose of 70 . 30 brass, lead-brass, or Admiralty 
alloy is to heat the finished tube in an oxidizing atmosphere for half an hour 
at a temperature of about 200® to 300® C. It is then put into use with the 
oxide scale on it— i.e,, without pickling or further tr^tment. It has been 
found that this heat treatment does not affect tho mechanical properties 
of the tube sufficiently to interfere witli the making of a tight joint by tlie 
use of ferrules. (Tlie heating periods and temiieratures arc different for 
metals or alloys other than those mentioned.) The process is known as 
the pre-oxidizing process. It is important that the tubes treated by this 
process should have a good surface, smooth and uniform. Harm may 
result if tho heating iomyerature much exceeds the limits stated. 

“Tubes of various typesvf brass, treated in the way indicated, have given 
good results so far At Brighton, in comparison with ordinary tubes of 
similar composition, but it is not yet cerfain that such tubes will resist the 
active attack set up by certain deposits. A considerable «umbor of treated 
tubes are under test in various parts of the couiftry, under different sets of 
conditions, and the results of these tests will*lfe reported in due course 
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l^reliminary tests seem to show that treated lead-brass and Admiralty tubes 
resist dezincification to a markecj degree in ordinary sea water. 

“ Finally, it must be emphasized that it is not likely that either tubes 
treated as described, or any other type of tube producible commercially,, 
will be found satisfactory under all conditions. A tube and its treatment 
must be chosen tumeet the particular conditions in which it will be used, 
but it is hoped that the number of types of tube and treatments required 
will be small.^ They may, perhaps, be eventually reduced to two, a copper 
typo alloy and a selected brass alloy.” 

Protection of Aircraft Parts. 

o c. ^ 

It has been stated that the average life of an aeroplane is 
relatively so short that overy efficient protective measures are 
not of primary importance; 'this is, however, not in accordance 
with the facts. The author is acquainted with several cases of 
machines having been in intermittent use for over tw'o years; 
the average machine in peace tinie should last at least a 
year. 

Machines are subjeij.ted not only to atmospheric influences 
in unheated hangars, but also to great changes in temperature 
and humidity whilst flying, so that it is necessary to protect 
all exposed parts from atmospheric effects. 

The matter of efficient protection is important also from the 
point of view of strength, for the effect of rusting or corrosion 
■upon the cross-sectional area of thin steel tubes, wires, and thin 
sheet metal parts may be appreciable. 

It is also possible that the exhaust gases of the engine, 
which are highly corrosive, may come into contact with 
exposed metal parts. 

The methods adopted for protecting metal fittings, w'hen these 
are not made from “ stainless steel ” or non-corrodible alloys, 
is usually to Borrodize (or finely galvanize), Sherardize, or 
Coslettize the parts. In many cases dull coppering and nickel 
plating has been employed with success. The tubular frame¬ 
works of control surfaces, body and wing structures, should 
be varnished internally with a suitable “ shell ” or “ tube ” ' 
varnish. 

All internal tvires, tubes, and fittings are now painted with 
efficient metal “ prim,ers ” or “ paints,” and in many cases 



THE PEOTEOTION OF METAL SURFACES 661 


tubular frame works are bound wit)i Egyptian tape before 
covering with fabric. • 

Ordinary gaWanizing is not employed to any exjjpnt, owing 
to the appreciable weight increase, but many bracing cables 
consist of finely galvanized wires. . • 

Most of the streamlined, round bracing wires are at the 
present time merely kept coated witlj vaseline or grease; 
this is an unsatisfactory measure, and should bo replaced by 
a more perm^ent mw^ of protection. No doubt the em¬ 
ployment of “ stainless ’i steels {(tr bracing ■\Jires, clips, etc., 
will simplify the protfctive mSthod."^adopted. 

Steel cables, whether galvaniz«d* or not, are now invariably 
coated with a graphite or non-corrodib]o paint or grease. 
Aluminium alloy parts, such as the frameworks of rigid air¬ 
ships, aeroplane parts, etc., are now always varnished all 
over for protection purposes. Gun parts and instrument 
fittings are usually given a “ blued ” or “ browned ” surface, 
these oxide films having been found to give a certain measure 
of protection. 

Aluminium alloys are considerably more durable in the open 
air than ordinary steel, but most of the alloys at present in 
USB do not stand up to sea-water action. For this reason the 
use of aluminium-alloyed fittings for under-water and exposed 
parts has been largely abandoned in favour of malleable 
bronzes such as the Delta metals, etc. Aluminium wing and 
fuselage frameworks are now invariably varnished with a 
chemically neutral varnish, and when so treated give very 
satisfactory results. * 

• Nickel.plating of flexible cables is not satisfactory, owing to the flexible 
nature of the cable, causing cracking, etc. 
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FERROUS AND OTHER ALLOYS 
Ferro-Chrome. 

These alloys aro generally made in the electric furnace, and 
the composition can Bo* varied between fairly* wide limits. 
Ferro-chrome contains from J (o it) per cent, of carbon, 
according to the grade, and from 54* to 04 per cent, of chro¬ 
mium. It is widely u.‘i‘d in the manufacture oi aircraft and 
automobile steels, and for gun-steels, pntjectiles, etc.; when 
added to the ordinary molten steel in the requisite amounts, 
it imparts to the correct amount of chromium to the finished 
product. 

It is usually employed in conjunctiorkwdth nickel, tungsten, 
molybdenum, or vanadium in alloy steels. 

The carbon content of ferro-chrome for general foundry and 
steel-making purposes is from 8 to 9 per cent. 

It is usual to include in the composition from 2 to 5 per 
cent, of silicon, in order to protect the chromium from Oxida¬ 
tion. The grades of ferro-chrome are usually based upon 
the carbon contents, as follows: 


Table I.— CoMrosrrioNS or Different Feero-Chromes.* 


Element. 

Grade A. 

8 to 10 
per Cent. 

Grade B. 

7^0 8 
per Cent. 

Grade C. 

5 to 6 
per Cent. 

* Grade D. 

3 /o 4 
per Cent. 

Grade E. 
Mean of 1 
per Cent. 

Chromium .. 

54-50 

63-50 

64-00 

04-00 

63-50 


22-00 

21-50 

28-50 

31-00 

35-00 


0-60 

7-50 

5-50 

3-50 

0-60 

Silicon 

2-25 

6-30 

0-40 

0-40 

0-20 

Aluminium .. 

>8«. 

0-80 . 

0-50 

0-40 

0*10 

Manganese .. 

i-15 

0-15 

0-15 

0-15 

0-10 

Calcium 

(1-25 

0-26 

0-25 

0-30 

0-36 


0-04 . 

0-04 

’ 0-04 

0-04 

0-03 

Phosphorus .. 

0-03 

0-03 

0-03 

• 

C-02 

0-02 


* Paul Girod. * 
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Feno-Manganese. 

This is, an alloy of manganese and iron wjiich is used for 
purifying and deoxidizing iron and steel and for foundry 
purposes. Th6 following are the ranges of compositions: 


Manganese 

Silicon 

Phosphorus 

Carbon 

Sulphur 

f f 


41 to 88 per cent. 
. 0*10 to 0-65 „ 

. 0'()9 to 0 * 20 c „ 

. 5-02 to 7-00 „ 
nil. 


Silico-Caleium-Aluminium. ■ 

This is one of the fluxing compounds employed in steel 
making; it not only oxidizes the impurities, such as sulphur, 
but also gives greater fluidity to the molten metal. 


The following is a 

typical 

composition: 

Silicon 


.. ,. .'50 to 5.5 per cent. 

Calcium .. 


.. 18 to 22 

Iron 

t 

.. 12 to 15 

Aluminium 


4 to 5 ,, 

Carbon .. 


1 to 1-25 

Magnesium 


.. about 0*35 „ 

Manganfise 


„ 0-22 „ 

’ Sulphur .. 


„ 0*075 „ 

Phosphorus 


. „ 0-03 „ 

Silico-Manganese. 




This product is obtained in the electric furnace from the 
silicate minerals and manganese. 

The following are the two grades usually made: 


Silicon 

Manganese .. 
Iron 


Grade A. 

60 to 70 
20 to 25 
remainder.* 


Grade B. 
60 to 60 
22 to 25 
remainder.* 


Most of the ferrous alloys used in metallurgical practice are 
now made in the electric furnace,f but some, such as ferro¬ 
manganese and spiegeleisen, are found natTiraily. The follow¬ 
ing are a few of the more commonly employed alloys: 

* Other elements such as aluminium, calcium, magnesium, carbon, 
sulphur, and phosphorus are present in small amounts. 

f For fuller information“Les Alliages Ferro-M^talliques de la 
S.A.S. Proc^d^s Paul Girod” (Ugine). 
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Ferro-Silicon. 

Ih the natural state this alloy contains from 10 to 12 per 
cent, of silicon; the amount rarely exceeds 15 per cenX. 

The higher sontent alloys are made in the olectric furnace, 
using siliceous materials and iron having practically no 
sulphur or phosphorus. The different grades of ferro-silicon, 
contain (a) 25 to 30 per cent., (6) 45 to 50 per cent., (c) 75 

to 80 per cent., and (d) 90 to 95 per cent., of silicon. 

• • 

Silico-Manganese-Aluminlum. ^ 

This alloy is made itvtwo grades liating the undermentioned 
compositions: , * 

Grade J. > Grade B, 

Silicon .. .. .. 18 to 20 per cent. 1) to 11 per cent. 

Manganese .. .. 18 to 22 „ Otoll „ 

Aluminium .. .. 0 to 12 „ 4^ to 6 ,, 

Iron .. .. .. remainder. remainder. 

This alloy is used for making the metal for guns and pro- 
jootilos and high grade steels, owing to its deoxidizing pro¬ 
perties. 

Ferro-Silicon-Aluminium. 

This alloy resembles tlu^ previous one in' its deoxidizing 
properties and it is produced electrically. 

The compo.sition is as follows: 

Silicon .. .. .. .. .. 45 per cent. 

Aluminium .. .. .. .. .. 12 to 15 per cent. 

Iron .. .. .. .. .. .. remainder. 

Ferro-Tungsten. • 

This alloy is used in connexion with the manufacture of 

• tungsten magnet and high-speed tool steels, to impart the 
correct amount of the element to the finished metal. It is 
obtained in the electric furnace from the tungsten ores wol¬ 
framite or wolfrapiate of iron and manganese. 

The highest tupgstbii content of high-speed steels is from 
20 to 25 per cent., which is usually associated with abou* 
6 per cent, of chromium. 

Ferro-tungsten contains from 70 to,* 80 per cent, of acii 

• “ tungstique.” 
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Othei Ferro Alloys. 

Alloys of iron, with molybdenum, vanadium, titanium, «nd 
other care elements employed in special steels and alloys, 
are now manufactured, usually in the electrjo furnace, for 
metallurgical purposes. ’ The following are typical composi¬ 
tions of some of these products: 

Table II. 


( 

< 

FerrO’ 

' FerrO' ‘ 

FerrO' 

FerrO' 


Titanium. 

VanaCiurn. 

6 

Molybdenum. 

Phosphorus. 

Iron .. . / 

42-16 

(1 

64-22 to 40-00 

18-50 

Balance. 

Carbon 

3-C8 

1-42 to 4-00 

4-00 

0-27 to 0-30 

Silicon 

1-21 

0-12 to 0-30 

0-20 

0-50 to 0-84 

Aluminium 

0-30 

0-12 to O-IO 

O-IO 

— 

Calcium 

_ 

_ 

0-15 

— 

Manganese 

_ 

0-12 to 0-30 

0-15 

3-00 to 5-90 

Sulphur 

0-03 

0-03 

0-03 

0-16 to 0-33 

Phosphorus .. 

0-20 

0-009 to 0-04 

0-03 

15-70 to 20-50 

Molybdenum .. 

— " 

— 

75-00 

— 

Titanium 

53-0 

— 

_ 

— 

Vanadium 


34-10 to 55-00 

— 

_ 


Other ferro alloys include ferro-uranium, ferro-boron, and 
ferro-tantulum. 

Spiegeleisen. 

Spiegeleisen is an iron-manganese carbide, which occurs in 
ore deposits; it crystallizes in the rhombic system. This 
ferrous product contains from 10 to 30 per cent, of man¬ 
ganese and from 4 to 5 per cent, of carbon, with small quan¬ 
tities of silicon, sulphur, and phosphorus. 

It is widely used in iron smelting and for foundry purposes 
to impart the proper amount of manganese to steels and 
bronzes, etc., and to purify and render more fluid the metals. 

The following are the approximate ian^eq.of compositions: 

Manganese .. .. .. .. 9*25 29*75 per cent. 

Silicon .. .. , .. .. 0*42 to 0*96 „ 

Phosphorus.0*06 to 0*09 „ 

Sulphur * .traces. 

Carbon .. «.3*94 to 6*20 „ 
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Table I. —Physical Constants of Metals. 
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Table II. —Thermal Conductivities of Metals and 
Alloys (in Order of Conductivity.) 


No. 

< ( 

Metal or Alloy. 

t o 

, Thermal 
Condactiniiy.^ 

Temperature. 

1 

Silver^ (pure) 

f 1*006 

18° C. 

2 

Copper (pure) .. 

0*918 

18° C. 

3 

Gold .. . 

0*700 

18° C. 

4 

Aluminium 

0*504 

18° C. 

6 

Mangesium 

0*376 

0° to 100° C. 

0 

Tungsten 

0*35 

18° 0 . 

7 

Zinc (pure) 

0*265 

18° C. 

8 

Brassf .. 

0-260 

17° C. 

9 

Cadmium (pure),, 

0-222 

18° C. 

10 

Palladium 

0-168 

18° C. 

11 

Platinum 

0-166 

18° C. 

12 

Iron (pure) 

0-161 

18° C. 

13 

Tin (pure) 

0-155 

18° 0. 

14 

Iron, wrought .. 

0-144 

18° C. 

15 

Nickel (97 per cent.) .. 

0-142 

18° C. 

16 

Iron, cast 

0-114 

54° C. 

17 

Steel (1 per cent. C) .. 

0-108 

18° C. 

18 

German silver .. 

0-070 

0° C. 

19 

Platinoid 

0-080 

18° C. 

20 

Constantan 

0-054 

18° C. 

21 

Manganin 

0-053 

18° C. 

22 

Antimony 

0-044 

0° C. 

23 

Mercury 

0-0197 

17° C. 

24 

Bismuth 

0-0194 

18° C. 


• The thermal conductivity is the number of (gramme) calories con¬ 
ducted per square centimetre per second across a slab of the substance 
I cm. thick, having a temperature gradient of 1° C. per cm. 

•f 70 copper, 30 zinc. 
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Table III,- SrEoiFic Resistances of Metals and Alloys 

•9 ** f ‘ 

(IN ORDEp OF CqnDUOTIVITIIJe/. 


Mela/. 

» 

Speci/ir Kesi^ance. 

% 

yilvor .. 

P5 to l*(i5x 10 ® 

Copper .. 

!•() to l-8x 10 8 

CloW. 

2-2 to 2-4 X 10 -8 

Aluminium 

2 -St to .‘l-2x 10 8 

Magnesium 

43 to 4’4x 10 ® 

Tungsten 

.VO x 10 8 

Indium 

5-:ix 10 8 

Zinc 

(i-lX 10 8 

Brass 

0 to Ox 10 ® 

Phosphor bronze 

5 to lOx 10 8 

Iron 

il to llx 10 8 

Palladium 

10 -7X 10 8 

Platinum 

11 to 11-Xx 10 8 

Nickel. 

11-8 to 12-Ox 10 8 

Tantulum 

14-Ox 10 8 


l!)-8 to 20-8 X 10 8 

(Jerman silver . 

10 to 40x 10 8 

Platinoid 

34-5X 10 8 

Antimony 

40-.'ix 10 8 

Manganin 

42 to 44x 10 ® 

Constantan 

49‘Ox 10 ® 

Bismuth 

ll!l-0x 10 8 


_Tlie specific resistance is tlie resistance in ohms of a rod 1 cm. 

long and 1 square cm. cross-scction of 0^* C. 
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Tael's IV. —Dttotility and Malleability of Common 
- ^ Metals. . * 


' <1 

No. 

1 Order pf Ductility of 

Common MetcUs.* i 

Order of Malleability of 
GoinmonUdetals.^ 

1 

, , Gold ! 

* a old 

2 

* Silver' ♦ 

Silver 

3 

1 Platinum < 

Copper 

4 . 

, s. Iron 

Tin 

5 

Nickel , 

Platinum 

6 

( Copper 

1 Lead 

7 

1 Zinc 

Zinc 

8 : 

Tin 

Iron 

9 

Load 

Nickel 


* Ductility is the property which enables metals to be drawn out into 
wire. 

•f Malleability is the property of permanently extending, under pressure, 
in all directions, without rupture. 


Table V. —Order of Hardnesses of Metals.* (Brinell.) 


No. 

Metal. 

Hard- 

ness. 

No. 

Metal. 

Hard¬ 

ness. 

1 

Air-hardened nickel- 

700 

8 

Brass .. 

63 


chrome steel 


9 

Silver .. 

69 

2 

High carbon steel 

300 

10 

Antimony 

65 


(1-25 C) 


11 

Zinc 

46 

3 

Medium carbon steel 

200 

12 

Gold. 

45 


(0-46 C) 


13 

Aluminium 

38 

4 

Phosphor bronze 

130 

14 

Phosphor tin .. 

19-7 

5 

Bell metal 

124 

16 

Tiq . 

14-5 

6 

Mild steel (0*1 C) 

100 

16 

'Rose-ipetal .. 

6-9 

7 

Rolled copper ., 

74 

17 

Lead .. 

6'7 


♦ Also see p. 161 ti eeql 







Table VI. —Pkopbeties op Steels. 
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T.v^^le VII.— Elastic OoSfmcienis. 

• ft ' ( <• 

In Pounds p&^ Square Inch. 

• c t 

' C. . 


Material. < 

Modulus of 
Elasticity (E). 

Modulus of 
Rigidity (C). 

Cast iron: white .. .. 

23,000,000 

7,600,000 

.. .. grey .. : 

15,000,000 

5,000,000 

Wrought-iron bar 

29,000,000 

10,000,000 

Mild steel plate 

30,000,000 

13,500,000 

Rivet steel .. .. .. 

30,000,000 

13,000,000 

Cast steel (untempered) .. ' 

30,000,000 

12,000,000 

Copper plate .. 

15,000,000 

5,600,000 

,, wire .. .. ... 

17,000,000 

5,000,000 

Phosphor bronze .. .. \ 

14,000,000 

5,250,000 

Aluminium: cast .. .. j 

12,500,000 

'3,400,000 

,, sheet 1. .. 1 

13*500,000 

4,800,000 


Note .—The Modulus C is about } E for most metals. 






Table VIII. —Wokkisq Stresses in Metals in Poitnds per Square Inch. 
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Table X. —Working Loads foe Mild Steel Rods, Wires, 
'■ »: Pins, and Bolts, in Pounds. 
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Load varying 
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frequently from 
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Table XII.—Specific Gravity and 

Weight of Metals. 

Mater^l. 

Specific 

Graxfity. 

Weight per 
Cub. Ft. tn 
Lbs. • • 

• 

Weight ptr 
Cub. In. tn 
Lbs. 

Duralumin 

2*8^00 

175-0 * 

•0*1015 

f 

Aluminium (rolled, sheet) 

2*67o 

166*6 ** 

• 

j 0*0960 

„ (cast) .. .. : 

2*560 

159-6 

0*0920 

Copper (sheet) .. 

8*780 

548-1 

0*3160 

„ (wire) 

8*900 

555'0 

0*3210 

Iron (cast) 

7-230 

451-0 

0*2600 

,, (wrought) .. 

7*780 

cc 

O' 

6 

0*2800 

Steel (mild) . 

7-852 

489-6 

0*2810 

„ (cast) . 

7-848 

489-3 

0*2810 

Brass (cast), average .. 

8*280 

517-0 

0*2980 

Gunmetal(io copper to 1 tin) .. 

8*464 

528-4 

0*3060 

„ (8 copper to i tin) 

S'459 

528-0 

0*3050 

Tin (cast). 

7*291 

455-0 

0*2620 

Zinc (cast) .. .. * • • 

7*000 

-V37-0 

0*2520 

German silver .. 

8*280 

516-0 

0*3000 

Phosphor bronze (cast).. 

8*6oo 

536-8 

0*3100 

Aluminium bronze 

7*68o 

475-0 

0*2750 
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Table XIII. —Standard Wire Gauge: TABts of Sizes, 
WEIC 1 HT.S, AND LENGTHS 0 ^ StBEL^WiRE. 








Size on ' 

Diameter. , 

< 

Sectional 

Approximate Weight of — 

Standar(i 



Afea in 




Wife \ 


Milli- 

if.etrCh 

Square 

1 



Gauge. 

c of an 1 
Inch. 

Inches. 

100 F«et. • 

1 

Mile. 

Kilometre. 





lbs. 

lbs 

Ills. 

7/0 

•sooo 

12*700 

•1963500 

66*700000 

3.522 . 

2,188 

6/0 

•4640 

11 *800 i 

*1691000 ' 

57*440000 

3.033 1 

1.885 

5/0 

•4320 

I i*ooo , 

•1465700 

49*790000 j 

2,629 ; 

1.634 

4/0 

•4000 

I0*2(^0 

*1256800 ; 

42*690000 

2.254 1 

1,400 

3/0 

•3720 

9*400 

•1086900 ' 

36*930000 i 

1.950 

I, 2 II 

2/0 

•3480 

8-800 

*0951000 ' 

32-310000 1 

1,706 

1,060 

I/O 

•3240 

8*200 

*0824400 

28*010000 1 

1.479 i 

919 

I 

•3000 

, 7*6oo 

•0706900 j 

24*010000 

1.268 1 

788 

2 

•2760 

7*000 

*0‘»qS200 ' 

20*320000 

i .°73 

667 

3 

•2520 

6*400 

j *0498700 ! 

16*850000 1 

895 

556 

4 i 

•2320 

5*900 

! *0422700 1 

14*360000 

758 

471 

5 

♦2120 

5-400 

*0353000 : 

12*000000 

633 

393 

0 1 

•1920 

4*900 

•0289600 ; 

9*810000 

518 

323 

7 

•1760 

4-500 

*'■ 243200 i 

8 260000 

436 

271 

8 ! 

•1600 

4*100 ; 

i *0201100 

6*820000 

360 

224 

9 I 

♦1440 ! 

3.700 

*0162800 

5*530000 

292 1 

182 

lo ! 

•1280 1 

3-300 

*0128700 ' 

4*370000 

231 : 

143 

II 

j •1160 ' 

3*000 

*oio‘^700 

3*600000 

190 i 

II8 

12 1 

•1040 

1 2*6oo 

*0085000 

2*880000 1 

152 

95 

13 

•0920 

2*300 

•0066500 

' 2*250000 1 

II9 1 

74 

14 

•0800 

t.2*000 

•00 *>0300 

1 1*700000 

90 1 

56 

15 

♦0720 

1*800 

*0040700 

1*380000 

73 

45 

16 

•0640 

1*600 

•0032200 

1*100000 

58 

36 

17 

•0560 

i*400 

*0024600 

0*830000 

44 

27*5000 

18 

•0480 

1*200 

•0018100 

0*610000 

32*500 

20*2000 

19 

•0400 

1*000 

1 *00x2600 

0*420000 

1 22-540 

14*0000 

20 

•0360 

0*900 

1 *0010200 

0*340000 

18*250 ' 

11*3400 

21 

•0320 

1 o*8oo 

; *0008000 

0*273000 

' 14*420 

8*9600 

22 

•0280 

0*700 

1 *0006200 

0* 2079000 

11*040 

6*8600 

23 

•0240 

o*6oo 

j *0004500 

o*i54oeo 

• 8*yo : 
6*820 

5*0400 

24 

•0220 

0-550 

j *0003800 

0*129000 , 
0*107000 

4*2400 

25 

•0020 

o*soo 

. *0003100 

5-630 

3.5000 

26 

•0180 

0-450 

1 *ooo«f’ 50 o 

o*o86ooo 

4-560 

2-8400 

27 

•0164 

0*400 

1 *0002100 

0*072000 

3-790 

2-3500 

28 

•0148 

0-370 

*0001700 

0*058000 

3*090 

1*9200 

29 

•0136 

o -35<5 

*0001400 

0*050000 

2-6io 

1*6200 

30 

*0124 

0*320P 

•0001200 

0*041000 

2*170 

» 

1-3500 
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Stajjdard Wire Gauge— Corrfinuerf. 


Size on 

Diameter. 

Sectional 

Approximaie Weight of — 

Standard 



Area in 




Wire 



• Square 




Gauge. 

of ail 


Inches. 

100 

Milo* 

Kilometie. 


l^ich. 



• 







lbs. 

fbs. 

lbs. 

31 

•oirt 

0-280 ■ 

«OOOIOOO 

0*036000 

1-890 

1-1600 

32 

•0108 

0*270 

^>000910 

•0*0^1000 1 

<*040 

1*0200 

33 

•0100 

0-254 

*00007^^3 

0*026000 

1*400 

0-8750 

34 

•0092 

0-2314 

*0000660 

0*^22000 

i;i90 

0-7440 

35 

•0084 

0*203 

*0000550 j 

0*019000 

0*901 • 

0-5630 

36 

•0076 

0-177, 

*0000450 

0*015000 

0-813 

0*5080 

37 

•0068 

0*172 

*0000360 

0*012000 

0*1551 

0*4070 

38 

•0060 

0*152 

*0000280 

0*009600 

0-507 

0-3170 

39 

*0052 

0*127 

*0000210 

0*007200 

0-380 

^ 0*2380 

40 

•0048 

0*122 

•0000180 

0*006100 

0-324 

0*2020 

41 

•0044 

0*112 

*0000150 

0*005100 

0*272 

0*1700 

42 

•0040 

0*101 

*0000120 

0*004200 

0*225 

0*1400 

43 

•0036 

0*091 

*0000100 

0*003400 

0*182 

0*1140 

44 

•0032 

0*081 

*0000080 

0*002700 

0*144 

0*0900 

45 

•0028 

0*071 

*0000060 

0*082100 

0*110 

0*0700 

46 

•0024 

0*061 

•0000040 

0*001500 

0*081 

0*0500 

47 

•0020 

0*050 

*0000030 

o*ooio 6 o 

0*056 

0*0350 

48 

•0016 

0*040 

*0000020 

0*000820 

0-03C 

0*0225 

49 

•0012 

0*030 

•0000010 

0*000266 

0*020 

0*0125 

50 

•0010 

0*025 

*0000007 

0*000259 

0*014 

0*0097 
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Table XIV.^—Strainer Weights. 

t * < 


_ <' ♦ 

Diameter of Screw , 
over Thread , tn 
Milhmetres . 

... _ . . L.. ^ 

' ' 

( 

Weight in Ounces ." 

Breaking Lo 
Pounds . 

2-5 

_ _ ,, _ 

0*125 

480 

3-0 

0*200 

700 

3-5 

0*400 

1,000 

4-0 

o*6oo 

i,i8o 

4-5 

1*000 

1.515 

5-0 

2*000 

1.900 

6-0 

2*66o 

2,315 

7-0 

3*750 

3,680 

8-0 

5*750 

4,670 

lO'O 

6*500 

7.530 

12-0 

8*66o 

11,000 

14*0 t 

13*250 

15.200 

16-0 

i 1-250 

19.970 
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Table XV. —Weights and Dimensions of Me'/al Sheets. 


Standard 

Thickness. 

, Weig}it: Lbs. per Square Foot. 

Wire 




t ' » 


J * 


Gauge. 

Inch. 

Milli- 
metres. , 

Alu¬ 

minium 

* Brass. 

) 

Copper. 

Steel. » 

Tin. 

3/0 

•375 

9-525 

* 5-i8o 

t 

16*70 

17*10 

-25-00 

14-40 

•372 

9*449 

5-140 

16-50 

i7»oo 

i 4 '* 9 o 

14-30 

2/0 

•348 

8-839 

4*8io 

15*50 

15*90 

13*90 

13-40 

I/O 

•324 

8^229 

4*480 

14-40 

14*80 

13*00 * 

12*50 


•312 

7-937 

4-310 

13*90 

14*20 

12*50 

12*00 

I 

•300 

7*620 

4*150 

13*30 

13-70 

12*00 

11*50 


•289 

7-341 

3*990 

12*90 

13*20 

II *60 

11*10 


•278 

7-061 

3-840 

12*40 

12*70 

11*10 

10*70 

2 

•276 

7*010 

3-810 

12*30 

» I2*6o 

11*00 

io*6o 


•270 

6-858 

3-730 

12*00 

12*30 

10*80 

10*40 

3 

•252 

6*401 

3-480 

11*20 

11*50 

10*10 

9*68 


•250 

6-350 

3-450 

11*10 

11*40 

10*00 

9*60 


•238 

6-045 

3*290 

10*60 

10*90 

9*52 

9*14 

4 

•232 

5-893 

3*200 

10*30 

10*60 

9*28 

8*91 


•216 

5-486 

2*980 

9*6i 

9*86 

8-64 

8-31 

5 

•212 

5-385 

2*930 

9-43 

9*68 

8-48 

8*14 


•200 

5-080 

2*760 

8*90 

9*12 

8*00 

7*68 

6 

•192 

4-877 

2-650 

8-54 

8*76 

7*68 

7-37 


•187 

4-762 

2-580 

8-32 

8-53 

7-48 

7-18 


•182 

4-623 

2*520 

8*10 

8-31 

7-28 

6-99 

7 

•176 

4-470 

2-430 

7-83 

8-03 

7*05 

6*70 


•166 

4-216 

2*290 

7-38 

7-58 

6*64 

6-37 

8 

•160 

4-064 

2*210 

7*12 

7*30 

6*40 

6-15 


•150 

3-810 

2*070 

6*67 

6-85 

6*00 

5-76 

9 

•144 

3-658 • 

1*990 

6*41 


5-76 

5-53 


•136 

3-454 

i*88o 

6*05 

6*^0 

5-44 

5*22 

10 

•128 

3-251 

1-770 

5-69 

5-84 

5-12 

4*92 


•125 

3-175 

1-730 

5-56 

5 - 7 ° 

5*00 

4*80 


•124 

3-150 

I- 7 I 0 

5-52 

5-66 

4-96 

4-76 

11 

•II6 

2-946 

1*600 

5-16 

5-29 

4-64 

4-46 


•112 

2-845 

1-550 

4-98 

5 -II 

4-48 

4-30 

12 

•104 

2-642 

1-440 

4-63 

4-75 

4-16 

3*99 


•100 

2-540, 

1-380 

4-45 

4-57 

4*00 

3-84 

13 

•092 

.2-337 

1*270 

4*09 

4*20 

3-68 

3-53 


•ago 

2*286 

1*240 

4*00 

4-11 

3-60 

3-46 


•082 

•2*082 

1*130 

3-65 

3-75 

3-28 

3*»3 

■4 

•080 

2*032 

I*II 0 

, 3-56 

3-65 

3*20 

3 - 07 - 


•077 

1-956 

1*070 

3-43 

3-52 

3-08 

2-96 

15 

•072 

1-829 

0-995 

3*20 

3 - 29 , 

2-88 

. 2-77 


♦068 

1-727 

0*940 

3*02 * 

3 -II 

3*72 

2-6i 


•06s 

1*651 

0*898 

2-89 

2-97 

2-6o 

2*50 
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^ 4 

, t»' , ■ . , 

Weishts and Dimensions of Metal Sheets—C o»<wrea. 


1 

•^Thtckness. ■ 

Standard- 

‘ 


iVire 1 

Gaifge. 1 

lych 

Milli- 

metres* 

i6 1 

•0640 

I’626 


•0630 

I’600 


•062L« 

1-587 


•0600 

i '-524 

17 

•0560 

1*422 

"ojsd 

1*397 


•0510 

1-295 

i8 

•o.(8tf 

I*2I9 

1 

•0470 

; i*i'94 


•0420 

' 1-067 

19 

•0400 

■ i-oi6 

•0380 

1 0-965 

20 

•0360 

! o*9i4 


1 *0350 

0-889 

21 

1 *0320 

! 0-813 


•0310 

1 0-793 

22 

•0280 

1 0-711 


•0270 

0-686 

23 

•0240 

1 0-610 

•0230 

0-584 

24 

♦0220 

0-559 

♦0210 

' 0-533 

25 

•0200 

1 0-508 

•0190 

0-483 

26 

♦0180 

0-457 

27 

♦0164 

0-416 

♦0160 

0-406 


♦0156 

0*397 

28 

•0148 

0-376 


•0140 

0-356 

29 

•0136 

1 0-345 

30 

•0124 

1 

•0120 

1 0-305 


♦0105 

; 0-267 


•0090 

I 0-229 


♦0080 

1 0-203 


Specific gravity.. 
Ratio of weights 


Weight: Pounds per Square Foot. 


' .. - 

- - - - ■ 


"' r 


Alu- 

niinium. 

{Jrass. 

Copper [ 

Steel. ' 

Tin 

-885 

2-850 1 

2-920 ! 

2-560 

2-460 

-87P 

2-8op t 
2-760 i 

2-880 , 

2-520 ; 

2-420 

•?57 

2-830 

2-480 i 

2-380 

' -82O ' 

2-670 i 

2-740 

2-400 1 

2-300 

•774 '■ 

2-490 j 

2-560 ^ 

2-240 i 

2-150 

‘^•760 i 

2*450 1 

2-510 1 

2-200 : 

2-110 

•70.^ 

2-270 

2-330 

2-040 j 

1-960 

•663 

2-130 

2-190 ' 

1-920 , 

1-840 

♦649 j 

2-090 1 

2-150 ! 

1-880 ! 

1-810 

♦580 

1-870 1 

1-920 i 

1-680 , 

1-610 

*552 

1-780 

1*830 1 

I-600 , 

1-540 

•525 

1-690 

1-740 

1-520 , 

1-460 

‘497 

t-6oo 

1-650 

1-440 

1*380 

•484 

1-560 

i-6oo 

1-400 

1-340 

•442 

1-420 

1-460 

1-280 

1-230 

-429 

1*380 

1-420 

1-240 

1-190 

i *387 

1*250 

1-280 

I-I20 

i-o8o 

' *373 

1-200 

1-240 

1-080 

1-040 

1 *332 

1-070 

I-IOO 

0-960 

0-921 

*31^ 

1-020 

1-050 

0-920 

0-883 

1 -304 

0-979 

I-OIO 

0-880 

0-845 

1 *290 

0*935 

0-960 

0-840 

o-8o6 

-276 

0-890 

0-914 

0-800 

0-768 

•262 

0-846 

0-868 

0-760 

0-730 

1 *249 

0-801 

0-823 

0-720 

0-691 

-227 

0-730 

0-750 

0-656 

0-630 

1 -221 

0-712 

0-731 

0-640 

0-614 

♦215 

0-694 

0-713 

0-624 

0-599 

•204 

0-658 

0-677 

0-592 

0-568 

■193 

0-623 

0-640 

0-560 

0-537 

-188 

0-605 

1 0-622 

0*544 

0-522 

•171 

0-552 

1' 0-566 

0-496 

0-476 

♦166 

0-534 

0-548 

0-480 

0-461 

*145 

1 0-467 

' 0-480 

0-420 

0-403 

' *125 

0-400 

■ 0-412 

j 0-360 

0-360 

i 

1 0-356 

! 0-366 

0-320 

j 0-307 

! 2-670 

j 8-620 

1 8-820 

I 7-740 

7-400 


3-230 

! .3-300. 
. « 

1 2*900 

1-780 
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Tabue XVI. —PaiNciPAB Standards foe Wire Gadge trsED 

IN THE UlfiTED STATES: DIMENSIONS OF S’lZES IN 

Decimal P.^rts of an Inch. • ^ ’ 


Number of 

American, or 

1 a 

1 English, or- 

Washburn 

dnd 

Moen Manu¬ 
facturing Co. 

Clumber of 
Wire Gauge. 

Wire Gauge, 

Brown and 
• Sharpe, 

\ Birmingham 
' or Stubs’. 

oooooo 

» 

-> , 

' , *46005 ' 

oooooo 

ooooo 

— 


•4300 

o<^ooo 

oooo 

•460000 

, -454 

> -3930 

V 9000 

ooo 

•409640 

•425 . 

•3620 

000 

00 

•364800 

3 -380 

•3310 

00 

0 

•324860 

I -340 

•30'»,o 

■ 0 

I 

•289300 

1 *300 

•2830 

I 

2 

•257630 

•284 

•2630 

2 

3 

•229420 

•259 

•2440 

3 

4 

•204310 

•238 

•2250 

4 

5 

•181940 

•220 

•2070 

5 

6 

•162020 

•203 

•1920 

6 

7 

•144280 

•180 


7 

8 

•128490 

•165 

•1620 

8 

9 

•114430 

•148 

•1480 

9 

10 

•101890 

•■34 

•1350 

10 

IE 

•090742 

♦120 

•1200 

11 

12 

•080808 

•109 

•1050 

12 

13 

•071961 

•095 

•0920 

13 

M 

♦064084 

•083 

•0800 

14 

15 

•057068 

•072 

•0720 

15 

i6 

•050820 

•065 

•0630 

16 

17 

•045257 

•058 

•0540 

17 

18 

•040303 

•049 

•0470 

18 

19 

•035890 

•042 

•0410 

19 

20 

•031961 

•035 

•0350 

20 

21 

•028462 

•032 

•0320 

21 

22 

•025347 

•028 

•0280 

22 

23 

•022571 

. •»25 

.•0250 

23 

24 

•020100 

•022 

•023CJ 

24 

25 

•017900 

•020 

•0200 

25 

26 

•015940 

•018 

•0180 

26 

27 

•014195 

•016 

•0170 

27 

28 

•012641 

•014 

•0160 

28 

29 

•011257 

•013 

•0150 

29 

30 

•010025 

•012 

•0140 

30 

31 

•008928 

•010 

•0135 

31 

32 

•007950 

a •OOQ 

♦0130 

32 

33 

•007*80, 

•008 

•OIIO 

33 

34 

• '006^04 • 

•007 

♦0100 

34 

35 

•005514 

•005 

•0095 

35 

36 

•005000 

•004 ^ 

•0090 

36 

37 

•004453 

— 

•0085 

37 

38 

•003965 

— 

•0080 ^ 

38 

39 

•003531 

— 

’0075 

39 

40 

•003144 


*^070 

40 


44 


(. 
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t 

International aieoeaft'standard board 

* ' SPECIFICATIONS (l ASB*). 

Speciflcationsr lor Aircialt Ferrules and Thifiibles. 

(Jieneral.— 1 . The general specification?, IGl, shall form, according to 
their appli<Sibility, a pairt of these specifications. 

Material. — 2 . Thimbie.s shall be' manufactured of f.A.S.B. standard 
No. 1010 steel sheet, cold rolled and annealed. Ferrules shall be manu¬ 
factured of the same steel as is used tor tips yirc—namply, I.A.S.B. standard 
stools No. lofc,' No 1070 ,orNp. 1080 . . 



Manufacture. — 3 . (a) Steel wire for winding into ferrules shall be uniformly 
coated with pure tin to solder readily. 

(&) All thimbles shall be smoothly and evenly electro-galvanized. 

Dimensions and Toiermices. — 4 . (a) Ferrules and thimbles shall conform 
within limits specified to the dimensions given in the tables and drawings.’ 

(6) The manufacture shall provide hardened pm gauges for all sizes of 
thimbles and ferrules, and such gauges, afttv** being approved by the 
Government, shall be used by the inspector^ for determining all internal 
dimensions and shapes. 

Deliveiy, Packing, and Shipping. — 5 . (a) Ferrules and thimbles shall be 
packed and shipped in fibre or pasteboard boxes containing 1,000 each. 

(6) A label on each box shall be marked with order number or other 
distinguishing marks, siie, material, evidence of inspection, etc., as required 
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. Inspection and Rejection, —6. The insj)eot8r ^ell examine one pample 
tak^ at random from a bpx of 1,000 ferrules or .thimbles and* daterraine 
whether it conforgis to these specifications. • 


Table XVlI.—I.A.S.B. StaniTaed Tinned Steel 
Aieebaft Feeeules. 

, • 

' liNOLisH Units. 


American 
\Vire (iauqe 

• • J 

,1 and B. 

1 

• 

’ 0 . • * 

♦ 

• 

» 

Approximate 
J^Ve.iqht, 
lOfM) Pieces. 

• 


Inch. • 

» 

Inch. 

Inch. 

Pounds. 

8 ; 

(M28 

0-130 

0*260 

34-50 

1 ) 

0 -lU 

0-116 

0*232 ! 

23-00 

10 

0102 

0-104 

0-208 \ 

. 17-00 

11 

0 - 0 !U 

0-(MJ3 

0-186 1 

11-76 

12 i 

0*081 

0-083 

0-166 

8-50 

13 1 

0-072 

0-074 

0-148 

6-03 

14 

0-064 

0 - 0 (H{ 

0-132 

4-50 

15 

0-057 

0-059 

• 0-118 

3-10 

10 I 

! 

0-051 

0-053 

0-106 

2-09 



Fif.Z 


Mrtrk! Unit.s. 


American 
Wire Gauge 
[B.S.). 

A and fi. 

D. 


Approximate 

Weight, 

KXX) Pieces. 


Mm. 

Mm. 

Mm. 

Kg. 

8 

3-25 

3-30 

6-60 

15-66 

9 

2-91 

2-96 

5-92 

10-43 

10 

2-59 

2-64 

5-28 

1-n 

11 

. 2-31 , 

2-36 

4-72 

5-33 

12 

. 2-1)5 

2-10 

4-20 

3-86 

13 • 

l-83» 

1-88 

3-76 

2-74 

14 

f 1-63 

1-68 

3-38 

2-04 

15 

1-45 

l- 6 (i 

3-00 

1-41 

16 

1-29* 

1-34 

2-68 

• 

0-96 
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XVIII.—I.A.S.B. Standard Tinned Steed 
'Aibceapt Thimbl*es. 

^Snoush Ukits. 


Size. 

4 

A. 

1 • 

B. 

C. 

1 ■ * 1 

D. 

• 

K. 

1 Approximate 
Weight, 
1000 Pieces. 

Invh. 

Inch. 

Inches. 

Inch'. ' 

Inch. 

Inch.^ 

Pounds. 


0*35 

0-70 

0-07 

0-0!) 

0-032 

3-00 


(>•35 

0-70 

! 0-07 

0-13 

0-032 

4-34 


O'iO* i 

0-80 

! ’O-IO 

f (.’17 

0'0C2 

■6-36 

•1 

0-50 ! 

• l-OO 


♦ 02l 

0-032 

9-00 


. 0*00 

1-20 1 

O'^.o 

(>•24 

0-032 

13-30 

■ i 

• 0-7*J 

1-40* ' 

0-17 

0*«5 

0-032 

16-63 

A 

0-80 

i-f>o ; 


0-30 

0-040 i 

30-36 


o-ir.) 

I'HO 

0-21 

(»33 

0-040 1 

33-00 

8 

Voo 

• 2‘()0 ' 

0-20 1 

0-3<» 

0-060 

74-00 



Size. 

d. ! 

B. 

1 

C. 

: z). 

i 

E. 

1 Approximate 
Weight, 
1000 Pieces. 

Mm, 

Mm. 

jlfm. ! 

Mm. 

Mm, 

Mm. 

Kg. 

1-59 and 2-38 

8 89 

17-78 i 

1-78 

2-29 

0-81 

1-36 

3-18 

8-89 

17-78 

1-78 

3'30 

'0-81 

1*97 

3-97 

10-16 

20-32 

2-54 

4-32' 

'0-81 . 

2-88 

4-76 

12-70 

26-40 

3-43 

6-33 

■;0-81 

4‘08 

6-58 

15-24 

30-48 

3 81 

6-10 

0-81 

6 12 

6 35 

. 17 78 

35-36 ' 

4-32 

6^6 

0-81 

7*64 

7-14 

2p-32 

40-64 

6-03 

7-62 

1-02 

13-77 

7-94 

22-86 

.46-72 

5-33 

8-38 

1-02 

14-97 

9-53 

25-40 

50-80 

6-60 

9-91 

1-52 

, 33-67 


Tolerance on dimension A (see Fig. 3) shall be + 0-01-inch (0-26 mm.). 
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Table XIX. —Chemical Composition op Standard ‘ 
Carbon Sieb£s. . » ■ 


- , « 


Number. 

*. 1 
Carbon. 

• 

Manganese. | 

^^Phosphorus 
' Maximum. 

• S^phur 
Maximum. 

4 

1065 

0 60-0*70 

0*50-0*70 

0*04 

0-045 

1070 

0*65-0*7.5 

0*50-0*70. 

0*04 

L 0*045 

1030 

0-75-0-90 

0*2r)-0-50 

'0*04 

' 0*045 


4P1.—I.A.S.Bk Specifl(ait|ons for. Tumbuckles. 

Geneiftl.—I. The goneral upccitioatiyilH, sl^Il®form, according to 
thoir applicftbiUty, a ])art of Hipho supciticiition^. • • ^ 

MfttorW.—2. Barrels sfeall Ix' made of n#vnl brass ly.cxpilValcTit alloy, • 
I.A.S.B. specifications 3N4. The slia^k shall be made of steel, I.A.S.B. 
specilications 3S4. « 

Physical Ptoperties and Tests.—3. (a) Ai loas^ 2 i)er c»nt. of all turn- 
buckles shall be subjected to the test load given m the table and must 
withstand this test. • 

Steel turnbucklo shanks shall be heat treated to witlislAud the test loads 



(6) A bend test shall be made upon an (unbroken) shank of each turn- 
buckle tested in tension; the shank must withstand bending through 90° 
without cracking. 

Dimensions and Tolerances.—4. Dimensions an<l tolerances are given in 
the tables following. 

Assembly.—5. *rho threads are to be greased and must have a snug true 
fit allowing|he bitrrci or shank to be turned by hand, and showing absolutely 
no slackness in ht or perceptible end shako when the ends have been ex¬ 
tended three threads from the barrel. 

Finish.—6. Turnbucl^lo shanks shall be thoroughly covered with a 
suitable non-corrosive grease before shipment. Before inspection of the 
finished tumbuckles they may, if so specified, be «)ppor plated in order 
that initial stress in the barrel may be dctectW. After this inspection turn- 
buckles shall be greas^ or shall be coateii^ith an air-drying enamel as 
specified. 




Table XX;—I.A.S.B. Specifications foe TuENBUC^fS. 
Dimensions in Inches. - 
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When a tumbuckle has two eye ends with different slee holes for the pin wad cable, the two diameters are Piven. 
This tombnckle is to be bored to receive pin on one end only. 








Dimensions in Millimetres. 
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* When a tombackle has two eye ends with different size holes for the pm and cable, the two diameters are given, 
t This torabQCkle is to be bored to receive pin on one end only. , ^ 

_iQ coltunn marked ** I.A.S.B No ” the letters used are for the following items: A, short fork and eye torabiickie; B, long fork and eye 

ibuckle; C, short doable-eye turabackle; D, long double-eye tumbuckle. 
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APPENDIX 

AIR MINISTRY SPECIFICATIONS FOR FERROUS 
MEfA^LS 

Specification fou NicKKL-Cinu»lE STf:^L Axle TJpBES.—Am Board • 
Specification T. 2. • 

Provisional Specifica'^on for 50-Ton Carbon Tcbes.— Am 

Board Specification T. 5. 

Specific4Tion for Mild Steel Tubes. — Am Boai^ SpIcifications 
T. 0. 

Schedule of Standard Sizes of Steel Tubes for Aircraft.—Air 
Board Specifications T. 10. 

Limiting Loads for Tubular Steel Struts.—Air Board Specification 
T. 6. 

Limiting Loads for Tubular Steel Struts.—Air Board Specification 
T. 6. 

Limiting Loads for Tubular vSteel Struts.-—Air Board Spe('IFk;ation 

T. G. 

Supplementary Schedule of Larger Standard Sizes of Hound 
Steel Tubes for Aircraft.—Air Board Specification T. 10. 

Oval Steel Tubes for Aircraft.—Air Board Specification T. 11. 
Schedule of Standard Sizes of Streamline Steel Tubes.— Am 
Board Specification T. 13. 

Specification for Swbamline Wires. — Am Board Specification 
W. 3. 

Specification for Swaged Wires.— Am Board Specification W. 8. 
Specification for Flexible Steel Wire Rope.—Air Board 
Specification 2 W. 2. 
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APPENDIX III 

AIR miNISTkY- SPECIFICATIONS FOR FERROUS 
HETA'liS 

Specification lef ‘NicktsJ-Chrome Steel Axle Tubes.—Air Board 
Specification T. 2. 

Note.— Axle iuhes are seriously weakened where drilled. 

Accuracy o! Form, Size, and Straightness. —(a) Tlie tubos aro to lie accur¬ 
ately circular ^ 

(/)) The mean outside dianuder (< e , tht' moan between, the maximum and 
minimum diamett'r) at any section ih not to differ from the size sliown in 
rolnmn 2 of the Schedule by more than +;O-0Or) inch 

(r) The ends of the tubes for a distance of 14 inches from each end are to 
bo roundtsl bv pressure, so that no diameter exceeds tlu* nominal diameter 
(Col 1} 

{d) No axle is to exceed the maximum speedied weight (caleulatod by 
multiplying its length by the weight })er foot giviai in (M)lumn 5 of the 
Schedule) 

(e) At no point in a tube is the thickness to fall sliort of the nominal 
thicknoRft by more than 10 per cent or exceed it by more than 20 jier cimt. 

(/) The tubes are to be as straight as possible, and in no part of the length 
is the departure from straightness to exceed (>no«three-hundredth of the 
length of that part 

MecbAnical Tests. — (a) The tubes are to comply witli the following tests • 

[b) Proof Load —Every axle is to bo tested by having a proof bonding 
moment applied to it near one end, and at least one axle in ten is to be tested 
in this way at both ends. The proof load is given in column 7 and the 
leverage L is given in column 8 of the Schisiulo at tlie end of this specification. 

(c) Tensile Test. —One test piece to represent every 100 axles is to be cut 
from one of the tubes from which the axles have been*^cu^; it i»to be heat 
treated with the axles it rejircsenks and is then to bo tesVed in tension; it 
must give the following results: 

Ultimate tensile strength - - • Not less than 85 tons per square inch. 

Elongation on 2 inches ... ,, ,, 5 per cent. 

4 „ - „ „ ^3 „ 
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1,7,30 

’ 25-0 

1-75 

, 1-743 

12 

.1(,4-'»I00 
‘ -008 

; -538 

1 1-97 

1 -209 

1,400 

25-0 

1-75 

1-743 

14 

-080 ■ 

.(K)« 

■420 

; 1-54 

•168 

1,170 

26-0 

1-75 

; 1-743 

; 16 

.0,54 -TOO 
-(X)5 

■330 

»l-24 

•138 

964 

25-0 

1-50 

1-493 


-080 

-OOO 

■357 

1-30 

•120 

966 

21-7 

1-50 

l-4!»3 

16 

--000 
, +-(X).5 

i -280 

1-05 

■099 

797 

21-7 

1-50 

1-493 

1 

' -048 - 
1 '^^^+-(H)4 

•210 

i -HO 

-077 

620 

21-7 

MO 

j 1-095 

14 

-o8o;:;;« -2.50 

1 -93 

•001 

807 

13-2 


Provisional Specification lor 50-Ton Carlion Steel Tubes.— 
Air Board Specification T. 5. 

The tubes are to be delivered in the normalized condition. {Where brazed or 
welded then strength will be reduced to the value given in the softening 
test.) 

General Condition.—The tubes are to bo straight, smooth, true to section, 
of uniform sectional thickness, and of etiual diameter throughout, free from 
scale, dirt specks, longitudinal seaming, lamination, grooving or blistering, 
both internally ayd e.\ttjfnally. 

Accuracy Dimensions.-— The mean diameter of any tube is not to differ 

from the size specified more than ±0-002 inch. 

The mean thickness of any tube is not to bo less than the specified gauge, 
and is not to exceed it Uy more than 0-004 inch in tubes thinner than 0*08 
inch, or by more than 5 per cent in thicker tubes, .^y variation of thick¬ 
ness due to eccentricity of the bore is not to exceed 20 per cent, of the specified 
thickness. 
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Tests . —The tubes are to comply with the following meobanical testa: 

Ten^uk% and Compression ^eata. —^ test piece consisting of a short length 
cut off the^tube must give the following results, w\thout further heat trea‘i. 
ment or ot^jer itanipulation. ^ ‘ . * 

Normalized Tubes: 

‘ ^ « 

Ultimate stress in tension ikot less than 60 tons per square inch. 

Yield point ,, ,, ,, 46, ,, ,, 

YiMd pointfin comprestion ,, 46 ,, ,, 

Softening Teat .—Additional tensile teste are to be made when required 
to prove that the tubes will not soften unduly when brazed or otherwise 
heated. For this juj^se the test piece, befort fV is tested,'is to be heated 
4 to a full red Ijeat at oneVndy v*?iile t^io other dVid remains cold, and is then 
. to be allowed'to cool. When t(j,sted th*e ultimate strength is not to be less 
than 30 tons per square inch, and the yield ptont is not to be les.s than 18 tons 
per square inch, v i. * 

Flattening Test —A sample of the tube of length equal to its diameter is to 
bo flattened,till the sides are not more than eight times the thickness of the 
metal apart Thd samples must stand this treatment without cracking. 


Specification for Mild Steel Tubes.—Air Board 
Specification T. 6. 

Hard Drawn and Blued. Carbon about 01.5 per Cent. 

If blued tubes are annealed, brazed, or wdded, their strength will he reduced 
at the parts where they are ao treated to ‘20 tons per square mch ultimate 
and 11 tons per square inch yield point 
Tubes under | inch outside diameter are difficult to make to this Specification, 
and should, unless strength is essential, he ordered to Specification for 
Softened Tubes. 

General Condition. —^The tubes are to be smooth, true to section, of uni¬ 
form sectional thickness, and of equal diameter throughout, free from scale, 
dirt, spooks, longitudinal seaming, lamination, grooving or blistering, both 
internally and externally, • 

Accuracy of Form, Size, and Straightn^. —(a) Round tubes are to be 
accurately circular. 

( 6 ) The mean outside diameter (*.e., the mean between the maximum and 
minimum diameter) at any point is not to differ from the size ordered by 
more than ±0*004 inch (or for tubes over 2 inches diameter, by more than 
diameter/600). The mean inside diameter is not to be less than the correct 
outside diameter minus twice the maximum pofmissibje thickness, nor 
greater than same minus twice the minimum permissifile thickifess. 

(c) Oval tubes are to be of the oorrect form and dimensions within the 

tolerances speoifled in Schedule T. 11.* • 

(d) No tube is to h^ve a mean thickness loss than the specified gauge, oi 
exceeding it by more than 0 00 % inch, except tubes thicker than 0*060 inch, 
for which the tolerance is to*he 7^ per cent, of their thickness. (Tube 



APPENDIX m 


701 


ordered to be 22.gauge thick are to be O'fKJS inch with a tolerance of + 
0^*004 inch to agree with |he dimensioi® set out^in Schedule T., 10./ 

(e) At no in a tube is the thickness to fall short of t^e nominal 

thickness by more than 10 per cent, or e^eed it by more iSiaUilS per cent. 

if) The tub^ arc to be as straight as possible, and in no^part of the length 
is the departure from straightness to exce^ one six.bhndredth of the length 
of that part. ^ 

Tests. —(a) The tubes are to comply with the followingVmeohambal tests: 
(6) Tens'on and Compressions Tests. —Tea^ pieces, consisting of short 
lengths cut off the tulus must give the following results,, without further heat 
treatment or oilier manipulation: , 

Ultimate strength m tension no^i/sa tJiup ilO toAs per square inch. 

Yield point ,, ,* ,, 2d * o ,, 

Yield jK>int in coinpresHion ,, 28 * > * 

(r) F/aUening TeM - tuiie is to {»• flattened at the end, or at any 
point where defi^otivc material is suspected, by*a few blows (not mort^ than 
six), till the sides arc not more than three times the thicknos;^ of the metal 
apart. The tubes must stand this treatment without cfackmg. 

{d) Crushing Test —Samples of the tube selected are to bo crushed endwise 
until the outside diameter is increased m one zimo by 25 per cent, or until one 
complete fold is formed. Tlie samples inqst stand this treatment without 
cracking. 


Schedule of Standard Siz^ of Steel Tubes for Aircraft.— 
Air Board Specification T. 10. 

(This SciiEuurE does not appia' to Axle Tubbs.) 


17 Gauge. Thickness ()'0.5() inch (Tolerance - 0, -+ 0-004 inch). 


Nominal Size. 
Outside Dia¬ 
meter {Tolerance 
±0-004 trt.). 

Minimum 
Area of 
Section. 

Maxim n in 
Wc.it/ht j 
per Foot. * 

Moment of 
inertia I. 

Modulus of 
Section Z. 

Inches. 

Inshc-i.'^ 

Pounds. 

Inches.^ 

Inches.^ 

i 

0034 

0-122 

-0-000174 

0-00139 

A 

0-045 

0-102 

0-000384 

0-00246 

1 

0-056 

0-202 

0-000736 

0-00393 


0-067 

0-242 

0-00126 

0-00668 

i 

0-078 

0-282 

0-00196 

0-00783 


0-100 

0-362 

0-00409 

0-0131 

1 

0-122 

0-442 

0-00740 

0-0197 

i 

0-144 

0-622 

0-0121 

0-0278 

1 ; 

e-166 

0-602 

0-0186 

0-0372 

le 

• 0-188 

0-683 

0-0269 

0-0479 


V2IO 

0-763 

0-0375 

0-060«i.. 

i| 

0-232 

0-843 : 

0-0506 

0-0735 ■ 

H 

0-264 

•0-923 

0-0663 

0-0884 

H 

0-276 

l-OO 

0-0861 

0-106 


0-298 

1-08 . 

0-107 

0-122 

i| 

.0-320 

1-16 

0-132 

0-141 

2 

0-342 

1-24 

0-162 

0-162 

21 

0-384 

1-32 

0-196 

0-183 
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20 Gauge (Approx. 1 ^m.). Thioknoss O-Os!) inch ('^Ifcrance - 0, 
c , +.0‘004 inch). 


Nominal Size, 
Outside Dia‘ 
meter {Tolerance 
+ 0*004 in.). 

Minimum 
Area of 
/ Section. », 

Maximum 
. Weiqhi 
per Foot. 

i 

Moment of 
^Inertia 1. 

• 

Modulus of 
Section Z. 

Inches, 

InchesA 

Pounds. 

Inches.*‘ 

Inches.'^ 

i 

0-0242 

0*0897 

(4000142 

u 0-00114 

A 

“ 0-0312 

4)*116 

, 0-000305 

0-00195 


0.-03^3 • 

‘ 0* 43 

0*000557 

0-00297 

1 '■ 

0-04b4 

. 0-17t> 

0-000923 

0-00422 

i 

- 0-0526 

0-197 

0*fxil42 

0-00568 

1 

0-0666 

o-teo 

0-00290 

0-00928 

1 

. ‘ ‘0-0808 

0-303 

0-00516 

0-0138 

i 

0-094fl 

0-357 

0-00836 

0-0191 

1 

0*109 

0-410 

0-0127 

0-0254 

li ' 

. 0-123 

0-464 

0-0183 

0-0325 


0*137 

0-517 

0-0263 

0*0405 

l| 

0-151 

0-570 

0 0340 

0-0494 


0*166 

0-624 

0-0444 

0-0592 


0-180 

0-677 

0-0567 

0*0698 

if 

0*194 

• 0-731 

0-0712 

0-0814 

l| 

0*208 

0-784 

0-0880 

0-0938 

2 

0*222 

0*837 

0*107 

0*107 

2 i 

0-236 

0-891 

0-129 

0-121 


Approximately 22 Gauge. Thickness 0-025 inch (Toloranco - 0, 
+ 0-004 inch). 


i 

0-0177 ' 

0*0685 ' 

0-000113 : 

0-000905 

A 

0*0226 i 

0-0878 > 

0-000234 

O-OOl.'jO 

J 

0*0275 

0*107 

0-00(M23 

0-00226 


0-0324 

0-127 

0-000693 

0-00317 

i 

0*0373 

0-146 

0-00106 

0-00422 

i 

0-0471 

0*185 

0-00212 

0-00080 


0-06(i9 

0-223 

0*0fr375 

0-00999 

1 

0-06^ 

0*162 

0-00605 

0-0138 

1 

0-0766 

0-301 

0-00911 

0-0182 

li 

0-0864 

0-339 

0-0131 i 

0 0233 

li 

0*0962 

0-378 

0-0181 

0-0289 


0*106 ' 

0*417 

0-0242 

0-0351 

H 

0-116 

0-456 

0*0315 

0-0420 

li 

0-126 

0*494 

0-0403 ; 

0*0495 

i| 

0-135 

0-533 

0-0504 

0-0576 

i| 

0*145 

0-572 

0 0&22 _ ! 

0-0663 

2 

0*155 

0-610 

0-0759 

0‘0756 

2* 

0-166 

0-649 

0-0909 

0-0865 
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Extr^ Tubes for SocitKTS Only. . 

ApproxinJatoly 22 Gauge. Tliickn|i8s 0*025 inch (Tapleranco - 0, 

+ 0-006 inch. ’ ** 

• * 


OiUside 

Diameicr. 

To 

Take 

t 

xlftrtl# 

mum 

Area. 

Maxi- 
ttium . 
Weifjht 
pr^l'oot. 

• 

OiAsiJe 

Duimefer. 

1 .=’1 

Mini¬ 
mum * 
..4 rea. 

Maxi¬ 
mum 
Weujht 
per Foot. 

Inches. 

Imhes. 

Inch^."^ 

Pounds^ 

Inches. 

Inche.i. 

Inches.^ 

Pounds. 

i'r. 

1 ^ 

0-042 • 

O-lOO 

• Ii'iJ 

y* 

OUl 

0-437 

n 

! s 

0062 

0-204 * 


11 

0-120 

0-460 

lit 

' i 

0-002 

{h2W 


78 

(fl30 

0-616 

n 

i 

0-(t?l 

0-282 


1'? ; 

4)-140 

0>554 

1 iV 

1 

0-081 

0-321* 

m:- 

H 

O-l.W 

0-592 

1 ifl 

; 4 

o-om 

0-300 

^i'.i 

•2m. 

O-ltiO 

0-031 

ii'rt 

; 11 

0-102 

0 40.") 

> 

* 




1. Areas, Moment of Inertia, and Moduli (bending) ant calculated for 
tiiboH of the niminmni tlii< km*ss—? e . 0-05 inch for 17 gauge tuben, 0-030 inch 
for ‘20 gauge tubes, and 0 02.') inch for 22 ;jauge tubes. 

2. The Weights per Foot are calculate<l for tubes of tlio maximum thick- 
nes.s —i e , 0-000 inch for 17 gauge tulies, 0-040 int;h for 20 gauge tubcM, and 
0-029 inch for 22 gauge tubes The weight is taken to bo 400 Ib per cubic 
foot 

3 Telescopic Tubes.- Tlu- 17 gauge tulies (omitting t!ie and ,V wizos) 
form a telescopic series, (taeb fitting over tlie m-xt si/e, J inch smaller in 
diameter 

The 22 gauge tidies (with the socket sizes) also fonn a telescopic series, 
each fitting over the next size i'.^ inch smaller in diameter 

4. Tubes for Struts. -Stmt tulH-s are cai-cfully straightened and then blued, 
but to avoid bending during handling they must not be ordered in lengths 
exceeding 10 to 12 feet. 

5. Tubes lor Oen^ihll Purposes.—TJiese are^treatial m the same way as 
strut tubes. Long tubes for boundary edges and similar purjioses can bo 
made much straighter if built up of shorter pieces, and should be ordered 
in lengths not exceeding 10 fei't 

0 Tubes lor Sockets.—The 17 gauge .-md 22 gauge tubes may be used for 
sockets (see Clause 3), and also tubes of the special standard thickness given 
below. Additional sizes are provided in the tabic headed Txibenjor Sockets. 
Tubes for us^ as sockets arc more readily obtainable than strut tubes, be¬ 
cause slrut ^ubes have to be carefully straightened and more accurately 
heat treateef; orders should therefore always state when tub^ are 
intended only for j^ockets. Su«h tubes must not be used for carrying 
loads ^ 

Tubes for use as sockets should not ordered in lengths exceeding4 feet; 
^ the lengths they ^ are going to be outipto are specified, the tubes will be 
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. « - 
■ supplied in multiples of these lengths; if not they will be supplied in random 
lengths of (i feet and under, f « 

7. Speoial^SCuidard Thicknesses. 

* 


No. 1, Special 0*090 


-0 

+ 0007 


—fits over a tube ^ inch smaller in O.D. 


2. 

3 ‘ 


0-120 


A-0 


+ 0-009 


i 


8. Tolerances and Fits. —The tolerances specified give an average clearance 

between tube and socket of about 0-008- inch. ^ • t- 

9. Ordens. —Orders^fdlf stfindaixj tu<)^s must state if they are (ot' struts or 

sockets. \ ‘ ‘ ■ * 

‘ If they are fortstruti the order nfust give for each ^ube — 

(а) Number of tubes and length of each, or Total length and lengths in 

which it IS to be used. 

(б) Outside diameters and thicknesses or gauges. 

(c) Specification*number, which defines the quality of the steel. 


If the tubes are for sockets the order must give — 

{d) Total length required, anc' wlien practicable, the lengths the tubes 
are going to be cut into, ho that exact multiples may be 
supplied. 

(e) Outside diameters and sizes they are to take 
(/) Specification number. 


JCxatnple —Supi>ly 1,000 strut tubes 5 feet 6 inches long, 1 inch diameter, 
17 gauge, or Supply 0,500 feet of 1 inch diameter, 17 gauge tube for cutting 
into 6 feet 6 inch lengths. 

Also supply 100 feet of socket tubing IJ inch O D. to take I inch, for 
cutting into 0 inch pieces. 

10. Strength of Struts, —The curves on pp. 705, 706, and 707, give the 
limiting loads for struts of any length made of any of the standard sizes of 
steel tubes. 

Allowance is made for the fnaximum crookedness and eccentricity of bore 
which is permitted in the Air Board Specifications. 

The Limiting Load given by the curves is the load which makes the maxi¬ 
mum stress in the tube equal to the yield point—i.e., to 28 tons per square 
inch. 

The CoUapsing Load of a strut is either the same as, or a little higher than, 
the limiting load. 
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Limiting Loads for Tubuldt: Steel Struts.-—Air. BoM Spebi&cation T. 6. 


20 ,000 


/8,000 


/(S’, 000 


/4000 


>2, OOO 


/a, OOO 


8.000 


6, OOO 


4, OOO 


2, OOO 


■ Tobiw 17 Dauge Thick. 

• For Tubes of^Storuhird Dimensions. 

Tlf(‘ Curves u^o dniwn for Tubes of 
tlK! Mnniniurn Tlucknoss allowed for 
. this gtvuge, 

vi/,, ()-or)() iiieii. 

* • 

• , VfcuujpH Modiolus 13,6()0 Ton^ 

• ptT Sfmaro inch. 

^ M‘l(l Pomf 28 Tons per sfjuarc inch. 
l'' 4 iii\Mloi%t ^^c<;t'ntncitv of 1 /wuling 
I ntpiTial Diameter Length 

round or pin-jointod. 



40 SO 80 /OQ 

, Lenqf'h inches. 


no. 


Fio. 1 . 


4 S 




L//Tvhnq Load Lhs 


706 AIkSrAFT and AUTOMOBILE MATERIALS 


T.iitiiting Loads lor TubularoSteel Struts—Air Board Specification T. 6. 

20 GFatjge Thick. 


/ZpO<A 


For Tubus ofc Standard Dimensions 
(Air Boa^ Schedule T. 10). 

The Curves are drawn for Tubes of 
tlie Minimum Thickness allowed for 
thia^pauge, 

viz , 0'036 inch. 

, r Young's Modulus 13,600 Tons 
,1 per square inch. 

Yield Point 28 Tons per square inch 
Kipiivalcnt Eccentricity of Loading 
Internal Diameter . Ivength 
■^00' 

Ends round or j)in-jointed. 





40 60 go too 

JL enqth /aches. 

Fio. 2, 


14 0 



Ji/mif'irTcj i,oac/ in ifys. 
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Limiting Loads fot Tubular Steel Struts.—Air Board•SpsBiflcation T. 6.. , 


3ooo\ 


8000 


7000 


eaoo\ 


Sooo 


4000 


7000 


2ooo\ 


/ooo 


Tubes Apbroximately 
22^Gaug^ Thick. 

For Tubes of Staudanl Dimensions. 
Tim curyos arc drawn for Tubes of 
the Minimum Tliioknesh allowed for 
^ ^ this Gauge, 

* . viz, 0-025 inch. • 

% 

Voiyig’.s Modulus 13,000 Tons 
pof square inch. 

Yield IVimt 2H Tons per square inch, 
^itpiivah'ut Eccentricity of Loading 
Internal Diameter , Length 
40 ■‘■'oIkT' 

Ends round or pin.jointed. 



60 90 /OO 

/. enjjfh inches 


140 


Fio. 3, 
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Supplementary Schedule, of Larger Standard Sizes of Bound 
SteelJTubes for Aircraft,«-Air Board Specificatftn T. 10. 

Tubes fok'Sijiuts,'.Stbaightened and Normalized. 


Approximately 11 GAUpu. Thickness p* 118 inch min. to 
* ^ *0*122 ihch max. 


— — • 1 

Outside j 
Diameter 
{Tolerance 
+ 0*004 trt.)t 

fake, 

• < 

* 

Minimum i 
A rea of 
^ i*cction 1 

{see 1 

Maximum 
^ eight 4 

4 per Foot 
{see Note). 

- ^ - 

Jiadius 

of 

Gyration 
{see Note). 

Inches. 

Inches, 

liquare Inches. 

i*oitnds. 

Inches. 

21 


0*700 

2*770 

0*753 

2J : 


0*883 

3*105 

1 0*841 

2| . 1 

21 

0*<)70 

3*431 

1 0*030 

3 

r .>it 
t 

1*008 

1 3*757 

1*018 

31 1 

3 

1*101 

4*083 

1 1*100 

H 1 

31 

1*055 

4*400 

1 1*050 

n 1 

31 

1 1*347 

4*735 

; 1*283 

4 

3i 

i * 1-430 

5*001 

1*371 


4 

1 ' 1*532 

! 5*387 

1*400 

•H 

*\ 

1 1*025 

1 5*713 

1*548 


4( 

; 1*717 

0*030 

1*630 

5 

•ti 

i 1*810 

0*305 

1*725 


Approximately 17 Gauge. ThickuesH 0*050 inch min. to 
0*000 inch max. 



2J 

0*380 

1*407 

0-774 

21 

0*408 

1 487 

0*818 

28 

0*430 

1-.507 

0*802 

2V 

0*452 

1*047 

0*907 

2^ 

0*474 

1-727 

0*951 


0*400 

0*808 

0*995 

25 

0*518 

1*888 

1*039 

3 r 

0*540 

f-908 

1-083 

31 

0*502 

2-048 

1*128 

34 

0-584 

2*128 

1-172 

31 

0*606 

2-208 

1-216 

31 

0-628 

2-288 

1-260 

3t 

0-060 

2-369 

1-304 

3| 

0-672 

2-449 

1-348 

3| 

0*694 

2*529 

1-393 

4 

0-716 

^■609 , 

1-437 


0*738 

2-68?| o 

1-481 

44 

0-760 

2.J69 „ 

• 1-626 

4| 

0-782 

2-860 . 

1-669 

4| 

0-804 

2-930 

1-614 


0-826 

J-OIO 

1-668 


0-848 

3-090 

1-702 


• 0-870 

3-170 

1*746 



o 
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^.pproximatel^ 20 Ga0ok. 


Thickness aboufr I ‘ram., from O OSb inch rain, 
to 0*040 indlx max. 


OutSide 

Diameter 

[Tolerance 

±0*004 

To • 
Take 

Mininiu7n 
A rea of , 
Section 
^.'»ee Note). 

Inehe-^. • 

lnche% ^ 

Squar^l nehc!^ 

21. 

* 

11*2.59 

21 

— 

0/7H • 

21 

t 


3 


0*33.5 

»t 

- 

0*363 

3J 


0*302 


Majcimam 
Weight 
per Foo^ 
(*'ee Note). 

Rodim 
. of 

Oyration 
[see Note). 

Pounds. 

Inches, 


0*781 

ti-g.w 

L 0*869 

i-uio 

> 0*958 

1.2(i7 • 

l.(14U' 

1-374 

M3r> 

. i-4!n*. 

1 -223 


Ap])roxiniate!y 22 (Jaitok. Thickness 0*025 iftch min. to 


2k 

n 

2i 

2S 


3 




2!.v 

2|.^ 


0*020 inch mav. 


0*174 

0*080 

0-785 

0184 

0*74S 

()-82» 

0*1 !)4 

0*707 

0-873 

0-204 

O-HOO 

0-!U7 

0*214 

0*844 

0-9«2 

0-224 

0*883 

l-OOO 

0-233 

0-922 

1-050 


Extra Turks for Sockets Only. 


Approximately 22 Gauok. Thickness 0*025 inch min. to 
0*020 incli max. 


9 *1 
^ 1 0 

21 

0*109 

0*070 

2 ,*,t 

0*179 

0*70!) 

2,',, 

A 

0*189 

^0-717 

2ft 

21 

0*19!) 

0*780 

2U 

2S 

0*20!) 

0 825 

21S 

2 } 

0*209 

0*804 

2IJ 

25 

0*228 

0*902 

3,V 

3 

_ 

0*238 

0*941 


Note. —Sectjonal a^eas are calculated for tubes of minimum thickness, 
*• vi^., 5-118, 0*050, 0*030, and 0*025 inch respectively. . 
Weights per foot are calculated for maximum thickness, viz., 
0*122, 0*960, 0*040, aitd 0 029 inch respectively. 

Radii of gyration are calculated for i^iinimum diameter and 
thickness. 
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Socket^—All the tubes except those of 20 gauge may be used as sockets 
for other sl^ndard tubbs. * * • 

Struts. —Curvg A 4) gives the limiting stress,^hence the 

limiting for a tubular strut of any size and length, allowing for 

the crookedness rtnd ^cccentri'city of bore allowed in the Ajr Boanl Tube 
Specifications. * ' * 


^ 65.000 
Ki 

5 jso.ooo 
^ ’SS.OOO 
Sv So.ooo 
*s 45, ooa 


55, OOO 



lUMHil 


wKiSHH 


/ 5 , OOO 


5,000 


SO so /OO 170 1/0 160 190 200 720 740 

[/a/ues of ‘'/h. 


Specially Straight Tubes. —The tubes in this schedule can be supplied, 
when so ordered, with a deviation from straightness not exceeding one-half 
the amount allowed in the Tube Specifications. Curve ^ (Vig- 4) gives 
the limiting stress, and hmee the limiting load, for stfutf? of aijy size and. 
length allowing for this reduced crookedness and t?ie ecct^ntrioity of bore 
allowed in the Air Boanl Specifications. 
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Oval Steel Tubes for Aircraft.—Air Bo%rd Specifioatlon 

• T. H. (Seo pig. 5.) 

Schedules of Standard SizRs and PROPEit^tBS of 
• . Sections. •' 


17 (i \U(iE. ,Tluokn(w.s, 0 05»| iiioli to O-OGO iiiuli. 


Out 

Diain 

n. 1 

Toler- 
flare 
+1 per 
(lent. 
ofB. 

sid^ 
cte,) S'. 

• 

i }). 

Tolit- 

nnee. 

+1 per 
(lent, 
ojl). 

Mini- 

Ilium 

/hen 

Oj 

iSVi/toa 
(iSVr • 
.Vo/rl ) 

W'enfhl' 
per Ft. 
It nil of 
Ti^iC of 
Mnrt- 
inn III 

.SVr//oa 

(.S'rr 

*X,>tr 2). 

' lind 
a urn 
{.Set -V 

• « 

, l/>oa/ 

.-IVv 

A'A'. 

• 

" "f 

'{ton 
ole 1). 

• ^ 

t-ihonl 

, (/ l.S 

y Y. 

Mini III i of 
Sietion 

{See XolK 1). 

1 • • 

Aljontt Ahoili 
\ ajos .(.i-rs 

Limitiiuj 
liendiiKj 
Loads at 

10 Inches 
Oveihamj 
{See Xote. 3 * 
flad Fig. G). • 


.n-. 

• 

W>. 

IF;/. 

Inf*. 

1 

1 /as. 

SoJn.^. 

Lh. 

1 a.s. 

Ins 

i 


Lh. 

Lh. 

1 

•4 

-120 

•bo; 

i -208 

•132 

0214 

*0105 

132 : 

\ 00 


•5 

•151 

•55G 

1 ■:m 

•170 

•0344 

•ol7() 

2IG 

110 

n 

-G 

•IS4 

•()73 

1 -155 

20,s 

•0513 , 

•02()8 

:!2i 

108 

1 

•7 

•217 

•701 


•2tG 

•0711 

0370 i 

440 1 

238 

2 

•H 

•240 

•OlO 

, -Gid 

♦>S4 

0043 

' 050!) 

5'.)2 

310 

-1 

•0 

•2H2 

1-02H 

i -(iiii 

•;t''2 

! -1204 

•OG50 

75() 

412 


1 0 

i -314 

1-U7 

•771 

1 -liiii 

•1503 

•0827 

013 

518 


:;o (i \1 !c:k 

; 4'luck 

iic-'S, 0-03G iiD'l 

li ti] (1 (Ml) iiicli. 


1 

•4 

•070 

•2!)0 

•Got 

130 

•0147 

0077 

02 

48 


•5 

1 -100 

•37.S 

•3S3 

177 

•023G 

0127 

! 148 

80 

li 

-G 

1 -121 

•157 

•4()2 

•21G 

•0345 

•0180 

: 217 

118 


•7 

1 -142 

•53G 

•.541 

•254 

0470 

•02G4 

200 

105 

0 

s 

i -IGO 


GIO 

•*012 

•0()2H 

•0350 

' 304 

220 

•> 1 

-0 

1 -IM 

•G05 

•G08 

•330 

•osoo 

•0440 

; 502 

282 

2'> 

l(> 

' -205 

•774 

■777 

•3liS 

•0'.)04 

i •0,5G2 

, 023 

, 352 


A])proxiniatoly (Jauok. Tliickiios.s, O-O^o ini-li to 0-02!) iiicii. 


H 

•25 

; -0341 

•131 

18!) 

•08G 

•003!) 

•0020 

24 

13 

1 

•3 

' •04 m 

•IG3 

•228 

•105 

•0058 : 

•0031 

3G 

10 

1 

•4 

1 -055!) 

•220 

•307 

•143 

•OlOG -0058 

G7 

3G 

1} 

•5 

: -0704 

•278 

•38G 

•IHI 

•OlG!) 

•0004 

lOG 

50 

11 

•G 

: -0849 i 

•335 

• IG5 

•220 

•024G 

•0138 

154 

8(i 

1] 

•7 

! -0090 

•302 

•544 

•258 

' -0338 

•0101 

212 

110 

2 

•8 

•1140 

•450 

■G23 

•29G 

1 -0444 

■0250 

278 

156 


1 The Aret^, Hadjj ol Gyration, and Moduli aro calculated for tubes of the 
minimuyi thic4cntvs -i c ,0 OoG inch for 17 gauge tubes, 0-()3G inch for 20 gauge 
tubes, and 0-025 inc^i for 22 gauge tube.s. 

2 The Weights per Foot are calculated for tubes of the maximum thickness 

—i e , 0-0()0 inch for*17 gauge tubes, 0-040 inch for 20 gauge tubes, ami 0-029 
inch for 22 gauge tubes. • 

Allowance has been made in eacli case for the tolerances. 

3. The Limiting Bending Loads are thJIoads which, at an overhang of 10 
inohes (see Fig. 6), will produce a maximum fibre stress of 28 tons per 
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B—2-5 D or I) —0-4 B. 

ll|ir 0'3 1) or 0-12 B B (appro\- ) 

Area of (’ross Section--l'n()(A + (/)/ 

Kadms of Gyration about XX 

„ YY-.0-380(/ 

Where }) — iit4>\nd d -l)-f and ^ — thickness. 

square incli, which is the minunum yield stress allowed in Specification T 0. 
The limiting loads arc calculated for tubes of the minimum section. 

4. Specification.—IB'al tubes should be ordered to Specification T. 1 or 
T. 6. Tliey are straiglitened and norrnali/.<‘d They sliould not be ordered 
in lengths exceeding 10 feel 

Long tubes for trailing edges and similar purjioses can be made straighter 
if built up of shorter pieces, and sliouM be ordi'red m lengths not exceeding 
10 leet 



Fig. 6. 


6. Sockets. —Properly formed socket tubes for all standard ovals can bo 
obtained from the tube makers. These socket tubes a^e ingh larger in each 
outside diameter than the tubes they are to go over; tlwy wilj, theu^fore be an 
easy fit when made 20 gauge thick and a close fit when mad^ 18 gauge thick. 
Unless specially ordered in stated lengths the socket tubes may bo supplied in 
lengths of about 6 incho^. 

Satisfactory sockets can be made by pressing round tubes into the proper 
shape. The inside diameter of 4he round tube shoulcP be three-quarters of 
the larger diameter B of the oval it has to fit. 
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ScAeanie ot standard Sizes ol streamline SteeiUTubes.— 
* Air Board Specification T. 13. 

STREA*MLrNE StBEJ, TuBKS FOR AIRCRAFT. 

(.SoeFig. S.), • 

< 

Dimi3nsi5ns Ol-' Sta?^ari> Sizes. 


1 

B. 

i'-. 

a 1 

R\. J 

R2> ‘ 

1 

nx 

•7?4. 



Maxi- 

Mi'u 



* 

' 

‘ ; 

Exler- 


mwnf. 

muni 

« 




nal Dia¬ 

Stand¬ 

Kxter-, 

NJter- 

Centred 

• 


* 

meter of 

ard 

Stream¬ 

nal Dia¬ 
meter. 

nal J)ia‘ 
nteMr. 

Oravitu 

* 


f 


Equiva¬ 

lent 

line. 

Toler¬ 

Vole.r- 

^eioiv 


h.rternal iiadti. 


Hound 


ance 

anre 

Nose. 





Tube. 


±i 35er 

± J per 








Cent. 

Cmil. 







No 

Inehe.H 

Inches. 

Inches. 

Inches. 1 

Inrhe.9. 

Inches. 

Inche.^. 

Inches. 

1 

:i4 

1*175 

1-028/ 

7*037 : 

2*3.50 

0*540 

0-242 

2 463 

2 


1*0H() 

0-495 

7-020 ' 

2-100 

0*497 

0-222 

2*267 

3 and r> 

O.i 

0-9.50 

1-310 

(>*175 ' 

1 *900 

0*437 

0-196 

1 *995 

4 and (► 

2 

1 

0*957 : 

4*485 

1*381 

0*318 

0*142 

1-4.50 



PUOPERTIKS 

OK Standard Sizes. 





Mo<u 

9'liicktu 

ss, 0-050 

-00 , 

+ 0-004 



Stan¬ 

dard 

, Mini- 
j mnni 

Weight 
■per Ft. 
Maxi- 

Jiadii of 
Gyiation. 

Moduiii.^. 

Moment of 
Inertia. 

Sir earn- 

Area <> 




, ^ 

About 

About 

Line. 

„ mn/n 

cXbonl 

About 

About 

! About 


Section. 

XX. 

YY. 

XX. 

1^ Y. 

XX. 

YY. 

No. 

1 Inches. 

^ Lh. 

1 nclies. 

Inches. 

Inches. 

‘ Inches. 

Inches.* 

Inches,* 

1 

j 0*4235 

1*540 

1*045 

0*426 

0*201 

0*131 

1 0*4()24 

0-0769 

2 

1 0*389 

1*412 

0*900 

0*390 

0*2190 

' 0*1094 

1 0-3.580 

0-0591 

3 

0*341 

1*239 

0*842 

0*340 

0-1085 

0-0829 

: 0*2415 

0-0394 

4 

0*245 

0*890 

0*608 

0*241 

0*0808 

^ 0*0414 

t 

0*0906 

1 

0-0143 



Moan thickness, 0*030 

- 0*0 . *, 

+ 0*004 



5 

0*2213 

0-8335 

0-847 

0*348 

0*1108 

1 0-0566 

1 0*1590 

j 0-0268 

6 

0-16<J9 0-C()2 

0-013 

0*249 

0*0576 1 0*0287 

; 0-0601 

0-0099 
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Ho)(i}d tiihiiuf pritpcrlji iairvd initjlis less, and has a l^•s^^ u'ind resistance per 
foot, than slteamlmc steel ("hmq of equal stieiajth . the 'use. of streamline 
inhiiiij IS permissible only lehen yrcatci sfiiJness is rc</iiii(:d about one 
axis than the othex, or it e.feel.s eonsiderable si/iijdijietition oj connexions 
and ditads. 

1 The Areas, Radii of Gyration, Moments of Inertia, and Moduli an* cak u 

l.itcd for tubes r>f the nmurmim thickness —i e . 0 (►oti ineli niid O-O.'ki inch. 

2 The Weights per Foot are Ccikukiled for tubes of tin* nuixinunn thiek- 
nes^^ I € . inefi and 0 btO indi 

3 Specification.- Tulles should lie ordered to Speeilieation T 1 They 
will bo stra)ghten(*d and blued in aia-onlanee witli that .specification They 
should not be ordered pi lengths ('xcei'ding Id feet 

4 Sockets. — (a) rn>p<*rly formed socket tubes for all standard -troamline 
tubes may be obtaineii from the tube makers Standard sockets are made 
of d-05(i inch tube, and are made an easy fit over tlu^ standard tubes. Unless 
specially ordered in stated lengths, the socket tubes may be supplieil in lengths 
of about 0 inches 

(6) Socket tubes will be known as “ Streamline socket S8 1 ” to fit stream¬ 
line tube No 1; “ Streainlino socket SS 2 '’to fit streamline tube No. 2, 
etc. Socket tdbe*^ will comply with specification T 26 specially ordered 
otherwise » * 

(c) Satisfactory sockets can bo made by prc.ssmg round tubi's into the 
proper shape. The idsido diameter of the round tube should bo slightly 
greater than the “ equivalent round ” of the streaihline tube 
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Speciidk^ion for Streamline Wires.--Air ^ard Specification 
W. 3. 


» — 

'n 


W 


9 ^ 


^ H T^reo af 




h 






ff.H. Threat} 

---7 

SBSBnsrsm::' — 

y sti . 


Fli; 'I. 


Size. 


Thread. 

ir 

IfK-h. 

T 

I nch. 

R 

Inch. 

r 

J nrh. 

--I ) m 
Si/na/e, 
Inch. 

Strength 

J^ounds, 

4B.A. 


4 B.A. 

> 

0-048 

0-28M 

O-Oll 

0-0071 

1050 

2 B.A. 


2B.A. 

()-250 

0-004 

0-384 

0-014 

O-0125 

lOOO 

i in. B.,S.F. 

i 

111. B iS. F. 

0-348 

0-087 

0-522 

0-010 

0-0234 

3450 

I'V in. B.S.IA 


in. B.8.F. 

0-404 

0-101 

0-00() 

0-022 

0-0313 

4050 

A in. B.S.F. 

V 

T <1 

in. B.iS.F'. 

0-440 

0-110 

0-()(i0 

0-024 

0-0370 

5700 

?{ in. B.K.F. 


in. ]!.8.F. 

0-400 

0-124 

0-744 

0-027 

0-0475 

7150 

1 in.B.S.F. 

i 

in. B.S.F. 

0-540 

0-135 

0-810 

0-030 

0-0503 

8500 

in. B.S.F\ 


111. B.S.F’. 

o-5im 

0-140 

0-804 

0-033 

0-0082 1 

10,250 

iV in. B.S.F'. 

I'-f 

in. B.S.F. 

0-030 

0-150 

0-954 

0-035 

0-0781 i 

11,800 

(I in. B.«.F. 


in. B.S.l'’. 

0-002 

0-173 

1-038 

0-038 

0-0921 : 

13,800 

h in. B.S.F'. 

i 

ill. B.S.F. 

0-732 

0-183 

1-008 

0-040 

0-1020 

15,500 

,",i in B.S.F. 

I iT 

111. B.S F. 

0-830 

0-200 

1-254 

0-045 

0-1354 

20,200 

i in. B,«.]■’. 


m. B.S.F. 

0-024 

0-231 

1-380 

0-050 

0-1 ()55 

24,700 


The crosa-scctional Hroa’'o£ the wire in not t() bo less than that givi'ii in 
the table and is not to exceed it by more than 7^ percent. The sectional area 
may be assumed to be ()-7(>9 Wx T where \V and T are the diameters of the 
oval (see Fig. !)), or may bo ascertained by weighing a length of the wire. 
The weight per foot run of wire of 0*1 square incli section is to be taken as 
0-34 lb. 

Tests. —The blanks are to comply with the followyig mechanical tests: 

(а) Tensile Tests .—A test piece, cut ol! one end of the ^ire selected for 
testing so as to include the round end, must show an ultjmato stress not 
less than the value given in the table accompanying this specification. 
The teat piece is to be held at one end by the round p*art so that the shoulder 
between the round and Aval part^is included in the part under stress. 

(б) Tensile Tests on Screwed Ei ^.—The round end o^the blank selected for 
testing is to be cut off, and is to bo screwed with a pair of screwing dies so 
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that it i.s a good lit in an ajijiniviid g<iugc. »lt is to bo fitUnl with fork ends 
ly with nuts^ by which yio load can lid applied, and is then tc\ ^o*sul)jooted 
to a ten'^ile teslh^whieh rmi'Ht giv^ an ultitnatc load not loss than that obtaincil 
from the oval section of tln^ blank from ii*l)ich it ynis cut there arc 

difliculties in «yrowing the pieces, temporary'j>ormi»sion 4nay be granteil to 
substitut'i^ a ti‘st on unscrewed ]>ieeoH for x>mo of those tests. 

*(c) Ikn(Ui\(] Tc4 - Two^'iamplcs cut fron^the wire selected for testing are 
to be subjected to tin; following bending tost, f)tie of ilV sampk^ is to be 
cut from tin* en<I of the wire, so*as to include tlu' shoulder, and the test is 
to be applied so that the 'sample is bi'iit at the shouldi-T, the sample being 
1 h‘ 1(1 by the ov il part TV' <itluT sansjile is to lx* bent in tlio o\ al part. The 
sainjilc is to bo fixixl in a vni' w’bidi bii‘-*11u‘mnei^e(lg*,‘:^of the jaws roundetl 
to a radius eijual (o tlirec limes ilu «iiiekness of tlile^vlre giv|^\ m the table.' 
'rile ]>rojeclmg end of t!iV‘ wii‘«‘ h then bent at right angles to be tixisl 

lir<t to one si(b‘, thi^ii to the oUnT, for a number of tiHii's (ill it breaks. 
Both saiujiles must stand without breaking the 1111111^014of bends speeiHed 
in tests on sw<igetl wires, each through ISO 'Plu- lirsi lieiid through DO” 
IS not counti'd « 

• 

Specification for Swaged Wires. Air Board Specification 
W. 8. . 


Sr.e. 

Tfircnd. 

: .lieu. 

1 

! Streiujth. 



. >S(/na7'e link. 

Tonmls, 

t J! A. 

4 U A. 

O'OOHo 

1050 

2 li A. 

■1 J( A 

(HH29 

IWM) 

1 in. BS.h. 

} 11). B S.K 

()'()230 

3450 

m. B.S.K. 

in. B.S.K 

; ()-():}37 

4050 

in. B S 1''. 

. in. B S. V. 

o-()3yo 

5700 

in. B S.l'\ 

3 in. B.S. F. 

1 ()-o5qo 

H50() 

,V in. H S.K 

111. B.S.K 

1 O-0H35 

11,800 

in. B.y.F. ' 

i m. B.S.K 

0-1120 

15,500 


Mechanical Tests.—The following tests are to be earned out: 

(а) Tensile 7'cit —A sample is to be cut from every coil, and when tested 
m tension must give the following results: 

For wire rods of s./.cs from 4 BA Ult. stress not less than 55 tons per 
to inch inclusive. square inch, or more than 65 tons 

per square inch. 

For wire rods cl si^es Irora | inch Ult. stress not less than 52 tons per 
to ^ inch inclusive.* square inch, or more than 62 tons per 

square inch. 

(б) Bendtng Test .—A sample is to be cut from every coil and subjected to 

the following bending tost; ^ * 

The sample is to h^i fixed in a vice, or between dies, of which the inner edges 
are rounded tP a radius equal to three times the diameter of the wire. The 
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projecting end is then to be lipnisat right angles to the fixed part, and is then 
to be bent Jjarekwards ^ind forwards through an angle of 180“ till it breaks. 
The wire must stand without breaking the following nuUfhber of bends 
through 166r»(tho first bend through 90“ is not counted); 

For wires of sizes—^ ’ s 

• • 

4 BA and 2 BA .. .. .. Minimum number of bonds, 0. * 

i in.,in., ^d i", in.. .•.* ... •„ *' „ „ 5 . 

Hin, i in,and Jij in, J, . • , 4 . 

,V in. and upwards .. .. ,, „ ,, 3 . 

* ■ »* * 

, Specification' Elexihle St^l Wire Rope.—Air Board 
. * ^ ’ Speci^^tiojT 2 W. 2» 

• SCHEduLK. , 


• • 

Extra Flkx'hle Rope.s. 


Item. 

Minimum 

Sreaktntj 

Strength. 

Maximum 
! ]) arneter. 

1 

! Construction. 

Weight ot 
100 Feet. 


Cwt. 

1 ^Inch. 

\ 

j 

Pounds. 

0 

5 

0-075 

I 4x 7 

1-0 

1 

1 

0-115 

1 4x19 

2-0 

2 

15 

0-137 


3-2 

3 

' 20 

0-150 

7x19 

i 

3-8 

51 i 

25 

0-168 

7x 19 

5-0 

52 

35 

0-195 

1 t- 

6-4 

53 

45 

0-228 

1 1 

! ” 

9-0 

54 

60 

0-262 


11-7 

55 

70 

0-270 


12-4 

50 

, HO 

0-305 


15-1 

57 

100 

0-349 

1 

19-6 

58 

i 120 

0-378 

7x27 

22-5 

59 

140 

0-388 


25-5 

60 

160 

0-418 

7x”j7 

28-9 


Standard Straining Cords. 


41 

10 

0-085 

1x19 

1-6 

42 

15 

0-105 


2-3 

43 

20 

0-125 


3-4 

44 

25 

0-143 


4-3 

45 

36 

0-161 

1x37 

5-5 

46 

46 

0-189 


7-5 

47 

60 

0-210 

»» • 

, 9-3 

48 

75 

0-238 


• 11-9 

49 

90 

0-269 

• 

« 

14-1 


Tests on Wirtt.->-The toUowing^tests are to be carried out: 

(a) Tensile Strength .—A 8am{^9 from each coil of wire is to be tested in 
tension. The ultimate tonsije strength must be not more than 135 tons per 
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sqoaro inch, and not less than a value to ajieoified by the nianufucturor 
of the wire rope. ^ • * i , ^ 

(6) ToraionQ^t .—A sample from each cojl of wire to be tested in torsion. 
The wire is to bo Wistod in a torsion niacUlHe uuti]<t break^. ^Iftiiust stand 
before breaking a number of tunw not less than tl>o nuuibcr given by the 
formula ^ • * * 

Number of turns —27*3 pei; length of lUOd for all w^es up and in¬ 
cluding 0 018 inch <^iaiuetor 
Numbt^ of turns --20 per leiigtli of lOOd for larger wires. 

Where d = the ^iaineter of the wire indies 
(c) All A^'iros showing a t(^denc}» to iTittleness ari^'^i^he ivjecteil 
Tests on Ropes. —The following t^^vS on t1ie*ro|io i»re to betarriixl out; ' 
{a) A Tensile Test is t'> be made on a aa^Tiplo cut froai oacjli piece of •rope * 
nd must give at least the sp.'cilii*! breaking lo.id Tln! length of the 
implo te.sted is to hi* less than si*: tunes tlip cireiTni^^i-nuice of tlu^ rope, 
tid in no case less than l.T inches in tlie d(*ar Ix'tweeii the points of 
icurity The load is to ho gradually applied till the sapiph* Ifreaks. . 
{h) Should the test jnece.s fad to reacJi the speeilied load, the rojK? repre- 
‘Uied by the test piece is to be rejected. Should, however, any wire break 
cforo 50 per cent of the speeilied load has been applied, a re-test may ho 
ik(m No further re-test will ho allowed,%nd should the re-tost fail at any 
)a<l loss than that speeilied the rope repros<mted by the test piece will bo 
n^jected 

(c) A Bending TcM is to bo nindc^ on a sample out from each piece of rope. 
Each sample must be bent once round its own jiart and straighUnicd again 
at least twenty times in successKui \Mthout' ,iiiy ot tli<^ wires breaking or tlie 
rope opening up. 
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SOCIETY OF AUTOMOTIVE ENOINEEES’ SPECIFICA¬ 
TIONS FOR CARBON AND ALLOY STEELS AND HEAT 
TREATMENTS 


TABLE 

I. Society of Automotive Enoineehs (S A E.) Steed Speci- 
FK'ATIONS 

II. S A.E. Steel Speciku^attons 

III. Specifications (►f Heat Treatments for S A.K. Steels. 



.APPENDIX IV 


SOCIETY, OF AUTOMOTUVE ENdiNEERS''SPECIFICA¬ 
TIONS FOE CARBON AND ALLOY STERLS AND HEAT 
TREATHfENTS , 


♦ * • . (. »• 

Table I. —Society ob' Automotiw, .E?(cni<fi?EBs„(S.A.E.) 

S\5?EEL Spl?f;TFIf4TIONl. ^ » 


s 

■2 c 

CO 1 

Carbon ; 
per Cent. 

1 

• 

Manga- 
71 e,<ie 

per Cent. 

3 ..I 

to 
<0 . 

1 O t> 

' Sulphur* 
per Cent. 

'Nickel ' 
per Cent. 

) 

\)hromium 
per Cent. 

PL 

1010 

0-05-0-15 

0-30-0-60 

0-045 

\ 0*05 

_ 

1 

— 

1020 

0-15-0-25 

0*30-0'60 

0-046 

, 0-05 

— 

— 

— 

1023 

0-20-0-30 

0-50-0-80 

0-045 

; 

— 

— 

— 

1033 

0*30-0-40 ■ 

0'50-0-80 

0-046 

, 0-06 




1045 

0-40 0-50 

0*50-0-80 

0-045 

0-06 

— 

— 

— 

1095 ' 

0-90-1-05 

0-2r)-0-50: 

0-04 

0-05 

— 


— 

11114 

0-08-0‘20 0*30-0'80:0'12 0*06 0-12 — 

Nickel and Nickel Oiiuome Stbelm. 



2315 

0-10 0-20 

0-500-80! 

0-04 

0-05 

! 3-25-3-75 

j — 

1 — 

2320 ' 

0-15-0-25 

0-50-0'80 

0-04 

0-045 

3-25-3-75, 

1 — 

1 -— 

2330 ! 

0-25-0-35 

0-50-0'80 

0-04 

0-045 

3-25-3-75 

' — 

— 

2335 

0-30-0-40 

0-50-0-80 

0-04 

0-045 

3-25-3-75 

, — 

— 

2340 

0-3.5-0-45 

0-r)0-0*80 

0-04 

0-045 

' 3-25-3-75 : 

— 

-- 

2.345 

0'40-0'50 

0-50-0-80 

0-04 

0-045 

3-25 -3-751 

0-45- 0-75 

— 

3120 

0-15-0-26| 

0*50-6'80 

0-04 

0-045 

l-(M)-l-50! 

-- 

3125 

0-20-0-30, 

0-50-0-80 

0-04 

: 0-045 

1-(X) -l-i)0! 

0-45-0-75 

— 

3130 

0-25-0-35 

0-50-0-80 

0-04 

0-045 

1-00-1-501 

0-45-0-75 j 

— 

3135 1 

0-30-0-40 

0-35-0-45 

0-50-0-80 

0-04 

0-045 

1-00-1-50 

0-45-0-761 

•— 

3140 

0-60-0-80 

0-04 

0-045 

1-00 1-501 

0-45-0-75 i 

— 

3220 

0-15-0-25 

0-30-0-60 

0-04 

0-04 

1-50-2-001 

0-90-1-25 

— 

3230 

0-25-0-35 

0-30-0-60 

0-04 

1 0-04 

1-50-2-00 

0-90-1-25 

— 

3240 

0-35 0-45 

0-30-0-60 

0-04 

0-04 

1-50-2-001 

0-90-1-25 

— 

3250 

0-46-0-55 j 

0-30-0-60 

0-04 

0-04 

1-50-2-00 

0-90-1-25 

— 

*3316 

0 - 10 - 0-20 

0-45-0-76 

0-04 

0-04 

2-75-3-25 

0-60-0-96! 

— 

•3335 

0-30-0-40 

0-45-0-75 

0-04 

0-04 

2-75-3-2) 

0-60-0-95 

— 

•3360 

0-46-0*56 

0-45-0-75 

0-04 

0-04 

2-76-3-25 

0-80-0-95 

i 

3320 

(V15-0%5. 

0425-0.35 

LO-30-0-60 0-04 

0-04 

3-25-3-76,1-25-1-75 


3330 

0-10-0-60 

0-04 

0-04 

3-25-3-75! 1-25-1-76 

! — 

S340 

0-35-0*45 

0-30-0-60 

• 

0-04 

0-04 

I 3-2.5-3-76 

1-26-1-75 



* Not to exceed. , . t Not 4ea3 than. 

J Screw stock; the amount of sulphur^ this case is to bo between the 
Limits given. * 

I 721 46 
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SooiETV, OF Automotive Engineers (S.A.E.) Steel 

■ « .SpEonncATiONs—Co«Hn«erf. 

• • 

Cbeomb Stebls. 

« 


Specification 

NuTnber. 

• 

Carbon 
per Ce^^. 

)\lan^a- 

nese 

per C^nt. 

« 

« 

* 

J*1 

' s ^ 

Sulphur* N ickel 
per Cent ' Cent. 

• 

• 

Chro’/nhtm 
per Cent. 

1 h 

6120 

0-16-0-25 


0-04 

0-045 1 — 

0-65-0-86 


6140 

0-35-0-45 


0-04 

0-045 1 

q-65-0-85 

— 

6166 

0-60-0-70. 

1 * t 

0-04 

* l)-045 *• — 

0*65-0-85 

— 

6196 

0-90-1-05“ 

<f20-€-4i) 

«-o;f 

0-03 f — 

0-90-1-10 

—. 

51120 

l-ltlVl-30 

0‘S:0J()-45 

0-03 

4W-03 — 

0-90-1-10 

— 

6295 

0-90-J1-05 

0-20-0-45 

0»06 

0-03 ' • — 

1-10-1-.30 

— 

52120 

1-10-1,-30 

0-20-0-45 

0-03 

• 0-03 — 

• 

1-10-1-30 

— 


• 

« 

• Vanadjum Steels. 



6120 

0‘15-0-25 

0-50-0-80 

0-04 

0-04 — 

0-80-1-10 

0-15 

6125 

0-20-0-3040-50-0-80 

0-04 

0-04 — 

0-80-1-10 

0-15 

6130 

0-25-0-35 

0-50 0-80 

0-04 ■ 

0-04 — 

0-80-1-10 

0'15 

6135 

0-30-0-40 

0-50-0-80 

0-04 

0-04 

0-80-1-10 

0-*l5 

6140 

0-35-0-46 

0-60-0-80'0-04 

0-04 

0-80-1-10 

0-15 

6145 

0-40-0-50 

0-50-0-80 

0i04 

0-04 — 

0-80-1-10 

0*15 

6150 

0-45-0-55 

0-50-0-80 

0-04 1 

0-04 

0-80-1-10 

0-15 

6195 

0-90-1-05'0-20-0-45,0-03 

0-03 

0-80 1-10 

0-15 


Siuco-Manganese Steels. 

9250 0'4.5-0-5r) j 0-e0-0-8()! 0-04r) 0'04o ! 1-80-2-10 per cent. Silicon. 

9200 ; 0-55-0-65 I 0-5U-0-70 I 0-045 0-045 '1-50-1-80 „ 


Table II.— S.A.E. Steel Specifiuations. 

List of Heat Treatments. 

A. —After forging or machining carbonize at between 1600° to 1750° F. 

(1650° to 1700° F. desired), cool slowly, or quench, reheat to 1450° 
to 1500° F., and quench. * 

B. —After forging or machining carbonize at between 1600° and 1700° F. 

(1650° to 1700° F. desired), cool slowly in the carbonizing medium, 
reheat to 1.550“ to 1625° F., quench, reheat to 1400° to 1450° i'., 
quench, draw in hot oil at from 300° to 450° F., depending upon the 
“hardness desired. 

D.—After forging or machining heat to 1500° to 1^0° F.^ quench, reheat 
to 1460° to 1600° F., quench, reheat-to 600° to.l2«0° F,, and cool 
slowly. * 

♦ Not to exceed. * -f Not less than. 

t Two types of steel {.re available in this class—^viz., one with manganese 
0-26 to 0-60 per cent., and silicqp not over O-'iO^or cent.; the other with 
manganese 0-60 to 0-80 per cent., and silicon 0-16 to,0-60 per cent. 
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E. —After forging Qr machining heat to l^iOO® to 1560® F., oo^ slowly, 

reheat to 1450° % 1500° F., qudhch, anS rehiftit to 600°.^ 1200° F., 
* and coejjalowly. , ' ' ^ - 

F. —After shaping or coiling heat to 1425° to 147if’*F., quench ^i*oil, reheat 

to 400° fco 900° F., in accordance with degree temper desired, and 
cool slowly. 

G. —Carbonize at betwoon*1l^r>° and n50°<F. (1650° to W00° F. ^esired), 

cool slowly in the oarboni^ng inatonal^ rolieat to fr)00° to 1550° F. 
and quench, reheat to 1300° to 1400° F., quo ich, reheat to 250° to 
500° F. (m accordance with the necessities of Ihe casiq, and coo! 
slowly. * 

H. —After forging or machining hoatjo 15(X)^t(t F., quei#ch, reheat to 

600° to 1200° F., and cool slowly. • * 

K. —After forging or machining heat to 1500° to 155^J° F.*quench, reheat 

to 1300° to 1400° F., quen(d», reheat to #00° to 1#00’ F., and cool 
slowly. , 

L. —.After forging or machining carbonize at a tomporallUro between 1600°* 

^ and 1750° F. (1650° to 1700° I*', desired), cool slowly in tlie carboniz¬ 
ing mixture, reheat to 1400° to 1500° F., quench, reheat to 1300° 
to 1400° F., quench, reheat to 250° I4) 3(W)° F., and cool slowly. 

M. —After forging or machining heat to 1450° to 1500° F., quench, reheat 

t) 500° to 1250° F., and cool slowly. 

V .—After forging or machining heat to 1450° to 15iK)° F., quench, reheat to 
1375° to 1450° F., quench, reheat to 500° to 1250° F., and cool 
slowly. 

Q. —After forging heat to 1475° to 1525° F., liohl at this temporatiiro one 

half-hour to ensure thorough heating, cool slowly, reheat to 1375° 
to 1425° F., quench, reheat to 250° to 550' V., and cool slowly. 

R. —After forging heat to 1500° to 1550° F., (pieiicli m oil, reheat to 1200° 

to 1300° F., hold at this tom]>erature for tliroo hours, cool slowly, 
machine, heat to 1350° to 14.50’ F., quencli in oil, reheat to 2.50° 
to 500° F., and («>oI slowly. ^ 

S. —After forging or machining carbonize at a temjicraturo between 1600° 

and 1750° F. (1650° to 1700° F. desired), cool slowly in the carboniz¬ 
ing mixture, reheat to 1650° to 1750° F., quench, reheat to 1475° 
to 1550° F., quench, reheat to 250° to .'50° F., and cool slowly. 

I. —After forging or machinu-g heat to 1650° to 1750° F., quench, reheat to 

500° to 13W° F.,^and cool slowly. 

X;.—After ({prging hlat to 152/r to 1600° F., hold at this temperature for 
half an h«ur, cool slowly, reheat to 1650° to 1700° F„ quench, reheat 
to 360° to 560° F., and cool sUwly. 

V.—After forging or machiniqg heat to 1650° to 1750^ F., quench, reheat to 
400° to 1200° F., and cool slowly. 
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TABLii III.—Sp^civica^to?^ OF He at^TrF.atment^ foe 
. S.A.E. Steels. 


Specification No. 


1020 

1026 

1036 

1045 

1096 

2316 

2320 

2330 , 

2336 

2340 

3120 

3125 

3130 " 

3136 

3140 

3220 

3230 

3240 

32.60 

3315 


A.B 

B 

D, E 
E 

E 

* .. G 

G,:i 

H 

H 

H 

G, H 

H, D 
H, E 
H, E 
H, E 
G, H 

H 

H 

M 

G 


idH 
„ H 
„ H 
„ H 


K 

..K 

K 

K 

E 

B 

E 

E 

E 

K 

1) 

^’E 

Q 

M 


SpecificcUion No. 

Heat Treatments. 

* 0 

3^6 1 

P and R 

■ 3360 1 

„ R 

3320 1 

' L 

3330 ' 

P and R 

3?‘«) 1 

^ P M R 

i '■ 6120 

^ B 

1'^ 5140 

H and D 

' 6196 

P „ R 

51,120 

P », R 

1, 6296 

P „ R 

1 52,120 

P „ R 

!' 6120 

S „ T 

6126 

T 

i 6130, 

T 

6135 

T 

i 6140 

T 

6145 

T and U 

6160 

U 

9260 

V 

9260 

V 

! 



. INDEX 


Abholutb harrthoss, 144 
Accolorating forcoH, in models and 
machines, 4* ^4 • * 

Aecles auJ Pollock, 411, -KO, 42?, 
428,420 • 

Acetylono, 007, 008, (>0}», 010-0, 'll 
Acid open hearth stool, 317,318,484,* 
443 • 

Admiralty spooification for malic- ; 

ablo iron, 312 i 

Admiralty tost for cast iron, 304 
Aeroplane parts, prutoctioD of, 050, 
$60, 661 

Aeroplanes, stresses in, 4, 5, 45, 
136, 137, 138 

Aeroplane wing spars, 45, 46, 138, 1 
240 i 

Air hardening steel, 85, 86, 134, 208, i 
279, 280, 281, 346, 370, 371, ,172, i 
387 

Aircraft engine steels, 391, 392, 393 
394, 395 

Aircraft steels, comjmsitions, etc. 

342-389, 390, 301, 393, 394, 395 
Aircraft steel tubing, 427, 428, 429 
430, 431 

Airship cables, 457, 458, 459 
Allen Edgar, 347, 357 
Allotropic forms of iron, 264, 26’ 
266, 267, 277 

Alloy steels. See Steels, and 343 
395 t 

Alloy steels, manufacture of, 358 
359 

Alloy steel sheets, 398, 399, 400 
404, 405, 406 

Alloy steel speciOcations. See Eu' 
gineoring and International Stan' 
dards 

Alloy steel tubes, 417, 418, 421, 422 
423 ^ • 

Alloy stoei wires, 4S9 • 

Alloy welmng Jirocelses, 597, 598. 
599 

Alloys, hardness of, 1^2, 155 • 

Alloys, melting points of, 273, 509, 
610, 561 

Alternating stresses,* 119-128, 134, 
135, 136,137, 139, 140, 141 


Aluminium, 9, ^6, 84. 90, 303, 477, 
6 i>l 

Alummium brouje, 11, 12, 62, 90 
^lu»iiniuin c%^ig of metals, 654^ 

655 * • • • ^ 

Alwminium co^^)cr sheets, 633,.634 * 

Aluminium, effect i^^casfc iron, 303 
Aluminium, iffotoctW of, 661 
Aluminmm, welcteug of, 627, 628, 
629 

Amber, I42, 643 * 

American material spocilications, 
312, 331, 338, 339. See also 
International Standard Sjiccifica- 
tions 

Aiiferican standard impact tests, 
139, 140 

Angle of shear, 100, 101, 104, 106, 
106 

Anglo of twist, .53, .54, 11118 
Annealing furnaces, 533, 538 
; Annealing of ca.st iron, 405 
, Annealing of iron, 293, 294, 492, 493 
Annealing of stool, 94, 95, 107, 377, 

, 399,491-406 

Annealing of stool castings, 337, 338, 
493 

Annealing of steel tubing, 413, 414 
Annealing of tool steels, 334, 336, 
493, 494, 495 

AnnoalingTprocesses, 492, 493, 494, 
495, 406 

Annoaliif^ temperatures, 494, 496 
Apparent stress, 80, 81 
Ar points, 263, 266, 267, 268, 269, 
274, 275, 276, 277, 490, 497, 498 
Armour-piercing bullets, 408 
Armour plates, 496. See also 
Bullet-proof plates 
Arrest points. See Ar points. 
Asphaltum, 641, 644 
I Austenite, 262, 263, 266, 276 
' Autographic apparatus, 68,173,188, 

' 184, 186, 201, 210, 216, 217 

Automobile 40-ton steel, 332 
Automobil^cylinder dim-'asions, 132 
A]^tomobile ferrous materials for 
parts, 393, 394 

Aift^mobile parts, hardness of, 158 
725 
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Automobile steetB, actual composi- 
tiou^ ofc 390, 391, 392. 70A • f 
Automobile ♦ateel«, applicatiouB of 
393, 394, 395 

Automobile 5te©H»» hardness of, I5i 
Automobile sfresBes, 129 
Avery, 182,183, 231, 232, 233^ 
Axle fiteel, 73, 74, 91, 121, 122, 124, 
139 

Bach, ll5 ^ 

Back-pressure valve, 614 
Bailey testing maebiiies, 175, 201, 
202, 203, 204, 205, 200, 209, 230, 
237, 238 . 

Ball-bearing steels, r>4o, 38r/, 303 
Ball-bearing ^fsts of, 38ft, 393 
' Batlis, tomperigg. 'Isee Tom])oi'in1’ 
baths r 

Barrels, welding oft 6u4, 605, 006 
Bas-rcliof polisliinf, 253 ^ 

Basic steel, 315, 316, 317 
Baumann, 2H.i , 

Bauschmger, 107, 167, 186, 187, 322 
Beams, )-, 42, 43, 44, 45, 46, 241, 
242 

Beams, dodoction of, 48, 40, 50, ^1 
Beams, oi'onomical sections of, 36, 
37, 46 


B’owpipes for gas welding, etc., 610, 
630 ' 

Bontorapi process, 654fo 
Borrodizing process, C^O 
Bowden cable, 450, 451, 453 
, Bowor-Barff process, 652, 653 
j Bowranite paint, 6A8,*649 
Box-annealing, 493 
Boynton,r264 

!• Bra^^A, M, f6, 73, 74, 84, 90, 99, 111 
I Brass, corrosion of, 658,^59 
I Brass lacquers, 640 ^ 

; Brass tubes, tests of, 113 
f Brazing processes, o91, 592, 593, 

♦ 594 ; ' e 

Brazing of steel tubes, 420 
, Breaking stress. Sec Ultimate 
1 ^ strength 
Brewster, 2^4 
i Brickwork, 136 
Bridges, 3, 135, 240, 241 
Bright-drawn steel bar, 324, 325 
Brincll, 144, 146, 148, 149, 150, 151, 

; 152,235, 236 

British standard form of test pietfes, 
74, 75, 76, 141, 142 
British standard tensile test de¬ 
finitions, 70 

Brittle materials, failure of, 100,104, 


Beams, failure of, 109,110, 111, 139 
140 

Beams, impact tests, 139, 140 
Beams, properties of, 25, 26 
Beams, shape of bent, 51, 52, 114 
115 


105 

Brittleness of metals, 67 
Bronzes. See Aluminium bronze, 
and Phosphor 1 ronze 
Browning of iron and steel, 639, 640 
Brunton, 447, 448, 450, 454, 455, 


Beams, stresses m, 21, 22, 20, 30, 31, 
32, 33, 109, 110, 111, 119 
Beams, stres.sos in built-up, 43 
Beardmore, 408 

Bearing metal, testing machines, 
237, 238 

Bending impact tests, 1.39, 140, 141, 
142 

Bending moments, 25, 26, 27, 28, 29, 
48, 57, 109, no 

Bending moments, equivalent, 57 
Bonding stresses, 21, 22, 29, 30, 31, 
32 33 

Bending tests, 112, 113, 114, 115, 
116, 119, 168, 208, 209, 210, 211, 
241, 330, 338, 398, 400, 404, 406, 
420, 441, 443, 462 
Bernardo’s welding system, 596 
Bessemer steel, 118, 124, 315 
Bicycle-tubular frames, 425, 426, 
427 

Bismuth, 509, 561, 587, 588, 633 
Bituminous paints, etc./ 641, 644, 
646 

Black-heart malleable iron, 312 , , 
Blister steel, 315, 316 


456, 469, 473 
Buckling of beams, 45 
Buckling of short columns, 102,103 
' Buckling of thin tubes, 59 
; Buckton testing machines, 162, 163, 
164, 165, 166, 184, 185, 208, 230 
; Bullet-proof steel plates, 397, 403, 

1 404, 405, 407, 408, 409 

Bullivant, 45^, 4.54 
Bume s for oil fuel, 538-541 
Butt welding. See Welding, butt. 

Cable fastenings and ends, 181, 466- 
476 

Cable, stranded stool, 114 
Cables, aircraft, 452, 455, 456, 457 
Cables, bend tpsts of,^ 462 
Cables, lloxiblo, 451,*453, 456, 457, 
459 ' , ' ' . u, 

Cables, joints. See Joints in cables 
Qablos, protection of, 661 
Cables, sockets for, 473-477 
Cables, specifications for, 469, 460, 
461 

Cables, spliced' in. See Splices, 
cables 
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Cables, steel stranijea, 

Cables, strength of, 452, 453^ 454, 

• 455, 456, f}7 

Cables, torsion tests of, 462 
Caldwell, 507, 601 
Callendar H.L, 579, 580, 581 
Cambricigo Scientific Instrument 

• Company, 141, 103, 104, 105, 196, 

197, 222, 223, 224, 563? 564, 565, 
509, RTZ, 573, 570, 577, fts, t)7n, 
580,581#^ • 

Carbon arc wokliitg. Sec Welding, 
electric arc 

Carbon stool,* tompors, %r gfadcs,* 

• 334,335 ? • 

Carbon steels, 82 115, 118, 240, 255- 

275, 314-342, 380 « 

Carbon steeds, high. Soo High car# 
bon steel • 

Carbon sterols, low. See Low car¬ 
bon steel 

Carbon steels, mechanical proper¬ 
ties of, 321, 322 

Cg^rbon steels, medium. Soo Medium 
carbon steel 

Carburizing. vSoo Case-hardening 
Case-hardening mixtures. 513, 522, 
524,525 

Case-hardening nichol-cliroma steel, 

352, 353, 3.54, 355, 369, 376, 371 
Case-hardening nickel stool, 352, 

353, 358. 359, 360, 3(51 
Caso-hardenmg of steels, 512-527 
Oase-hardoning processes, 512, 513, 

519, 520 

Case-hardening steels, 82, 115, 11(5, 
117, 133, 268, 325-328, 34(5, 487, 
518, 522, 523 

Case-hardening structure, 514, 515 
Case-hardening, theory of, 513, 514 
Cast iron, 9, 11, 12, 13, 4.5, 66, 73. 
74, 80, 87, 88, 99, 101, 102, 13(5, 
2.50, 294-306 , 

Cast iron beams, 45, 108,100, 110, 
111, 112, 139 

Cast iron, brazing and welding of, 
593, 594, 625, 626 
Cast iron compositions, 294, 296, 
299. 300, 301, 302 

Cast iron compressive stress, 60, 87, 
88 , 89, 104, 303 
Cast iron, corjosion tf, 637 
Cast iro^^, gr^^, i95, ^)6, 300, 303, 
304, 3(fe, 3(^, 30> 

Cast iron, in automobile work, 305, 
306, 307 • 

Cast iron in torsion, ?55,117 
Cast iron, mechanical properties of, 
87, 88, 90, 99, 104, 109, 303, 304 
Cast iron, mottled? 296, 298, 299, 
300 


Cast iron, physical properties of, 
3H*305 « ^ • 

Cast iron, prptection*of, 638, ^55, 
^ 666 * . 

Cast ironi*^hoar stress,*8^^, 108, 109, 
304 • 

(Sast iron str^ss-strain relations, 87, 


88 

Ca^t iron, tensile stress, 88, 89, 00, 
90,;103 5 • 

Cast i-on, white, 205, 208, 299, 300, 
304, 305, 306, 307 

Cast steel, 11,* 12, 16, 62. 63, 98, 
102, 118, 125, 145, 278, 316, 332- 


* 336 

('a^^ wel^ng. See Welding, cast # 
Ci^ting .stress«j3, 133* • 

Castings, autoniobi4i>, 300, 305, 306, 


307 • . • 

C'astin^, cast iron. See Cast iron 
Castings, malleable iron. Soo Iron, 
malleable ♦ 

Ca.stmgs, manj*aneso steel, 386, 387 
(^astings, sand, 300, 307, 308 
Castings, slirinkage of, 305, 300, 311 
Coastings, steel, 11, 82, 118, 336-342 
Oustings, vanadium steel, 374, 375 
Cementation process, 315 
Cerneutite, 2.55, 256, 257, 2.58, 261, 
26.5,277,497,498 

Cliarpy impact machine, 139, 220, 


221 222 

Chemical action, 132 
Cliillod castings, 308, 309 
Chrome paints, 647 
Chrome stools, 281, 351, 352, 353, 
.354, 373, 374, 377, 378, 379, 381, 
403, 485, 48(5, 499, 660, 661 
Chrome stools, hardness of, 381, 383, 
499, 500 

Chrome-vanadium steels. See 
Vanaduim-chronio steels 
Chromium, effect on cast iron, 301 
Classifiiation of alloy steels, 345, 


351, 352, 353-357 
Classification of carbon steels, 318 
Classification of cast irons, 205, 299 
Classification of sheet steels, 396, 397 
Cleveland steel wire, 444,445 
Ooacli varnish, 643 
Coal-tar coatings, 656 
Coating of motais. See Metal coat- 

Cobaltchrom steel, 388, 380 
Coko-tired furnaces, 641, 542, 543,‘ 
644 

Coker, 240-248 

Cold benef tests, 113, 114, 116 

Cold-shortness, 97, 290 

©(Jlumns, short, 58 

Combined stresses, 17,33,55,56 
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Commorcial pig irons, 209 
ComploK stresses, 17, 23.33 • * 
Coir^ositionl * 0 ! weldocf joints and 
cores, 599,,601, 602' 
Componnd«wfital sheets, 633 . ** 

Compression strength of i^ickel 
Rtoels, 365, 366 ^ , 

Compressive stress, 7, 68 
Compression tests, 86 , 87, 102, 103, 
104, 193, 365, Sp 
Connecting-rod forgings, 485, ^80 
Counecting-rod steels, 345, 351, 352- 
355, 361, 368, 370,-373, 375, 390- 
395 

Constitution of st<?l4sM. 255 et seq.„ 
r. 498,507 p r, 

jConsumptions gas in wetding, 611 
Coolidgo tube, 254 ^ ^ * 

Cooling curves for steels, 266, 267, 
268, 273, 274, 27.5^ 2 < 6 , 27J 
Cooling rate, effect Sn liardno^ss, 499, 
500, .501, 502 

Cooling rate, efTect oi> hardness, etc,, 
282,283 

Copal varnishes, 642, 043 
Copper, 9, 11, 12, 62, 66 , 70, 73, 74, 
79, 84, 80, 90, 98, 99, 103, l(>t, 
121, 122, 272 

Copper, corrosion of, 057, 658, 659 
Copper, effect on oast iron, 303 
Copper-plating, 650, 660, 661 
Copper steel, 377 

Copper, strength of, at high tempera¬ 
tures, 98, 99 

Copper tubes, tests of, 113 
Copper wire, 478 
Copper, welding of, 627 
Coppcr-zinc alloys, 272, 273 
Cornell oil testing machine, 239 
Corrosion, 132, 136, 294 
Corrosion of iron and steel, 635-656 
Corrosion, theory of, 635, 636 
Coslottizing process, 649, 660 
Cowper-Coles process, 651, <j52 
Crank-shaft, flow structure in, 286 
Crank-shaft steels, 328, 332, 345, 
351, 352-35.5, 361, 368, 370, 373, 
375, 390, 391-395 
Crank-shaft, stresses in, 247. 248 
Creeping, in tension tests, 71, 91 
Crippling loads of struts, 58, 59, 60, 
61, 62, 63, 64. 65 

Crucible steel, 12, 118, 438, 452, 453, 
454 

Crushing stress, 58, 102, 103, 104, 
393 

Crushing tests for steel tubes, 113, 
415,416,417,419. 421,422 
Crystalline structure of metals, 106, 
107, 128, 141, 142, 301 
Cunningham, 124 


j Curvature of beajns, 48, 49, 60 
^ Cutting rates of metals, 632 
Cylinders, avftomobilo,fiOO, 305, 306t 
307, 328-332, 346 , f* 

. Cylinder, automobile, composition, 
300, 306, 307 

Cylinders, steel autf^iit^bile and air¬ 
craft, 328, 329, 330, 331,*332 - 

' Dal&y, 2^54 

: Davys furnaces, 528, 539^540, 541 
! Daimler steels, 333, |^4r, 342 
; Dead loads, 132, 133, 134, 135 
' ,Dolinitionj\ British standard, 70, 
41J2; 4<)6 • 

j Defection of beams, 48, 49, .50, 51 
; J^elta metal^ll, 84, 99, 114 
1 Delta metal, corrosior of, 637, 661 
I Denison too^'on testing machii\e, 

; 199, 200 

i Denison wire testing machine, 206 
; Depth of carbon layer in case-harde i- 
' ing, 515, 516, 517 
I Dies, diamond, 439 
j Dies for drop forging, 481, 486, 4W, 
i 488,489 

i Dios for tube-drawing, 407, 411, 412, 

! 430 

' Dies for wire-drawing, 436, 439 
i Dragon’s blood, 042 
i Drilled plates, strength of, 95, 96 
j Drilled plates, stresses in, 243, 244, 

: 247 

I Drop forging. See Forging, drop 
1 Drop forging steels, 483, 484, 485. 

1 486, 487 

1 Drop forging tests, 485, 486 
I Duagraph welding machine, 625 
I Ductile materials, failure of, lOl, 102 
Ductility, 66, 67, 72, 80, 86, 87, 96, 
101 

Ductility of carbon steels, 322, 32{1 
Ductility of common metals, 674 
Duralumin, 84', 91 

Duralumin tubes, properties of, 678, 

I 679 

Eatoma process, 104 
I Economical beam sections, 36,37,46 
I Economical shafts, 53, 54 
! Eden, 124 

Eden-Foster repeated impact 
raaohiao, 22< 2^5, fi26,'227 
Edwards, O. A., 281, M4, 4'd9, 511 
■ Efficiency of wire and cable joints, 
464, 465, 466, 467, 477 
^ Elastic coeffici^jits of metals, 676 
i Elastic constants, values, 10, 11, 12, 

I 13,62 

i Elastic limit, 8,0, 10, 35, 68, 69, 70, 
77, 82. 115, 116, 117, 120, 133 
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Elastic materials *8 
Elastic modulus ^luos for materials,. 
, 11 . 62 ,^ • • 
Elastic strMn, work done in,'14, 15 
Elasticity, modulus of, 10,11 
Electric arc welding. See Welding, 
electric ar» 

^ElectrR'. resistance welding. See 
^ Welding, electric re.sis^nce 
Electrical iiropcrties of m^alaf 202; 

^ 204, 3<3(), :jH7 

Electril?ftI*^romcters. See fyro- ! 
meters * 

Electrical sl^ot stools, 4()l), 41d 
Electrol^tK! action of m^aPi, (>4;*, ' 
^ 650 ^ 

Electrolytic iron, 2!>2, 203, 204, 4I'0 ^ 
Electrolytic theory of (^(urosion, 63.5, ' 
^ 636 * • i 

Elongation, in tensioi?, 72, 73, 74 
32, 83 

Emery testing machine, 16(1, 175 ’ 

Engine stros,se.s, 120 
Engiiioermg Standards f’onimittco’s ; 
• Siiocilicatioiis for ease-hardciimg ^ 
low caibou steels, 32(), for ^ 
nie<Uum carbon stools, 320, for 
nickel case-liardcuing steels. ;i50; 
for nickel steels, 263: for nickel- ' 
chrome steels, 370, 371, 372 
Engineers’ beam tluMiry, 34, 35, 30, 
100 

Equilibrium cuivc.s for iron, 276.277 
Equivalent bending and twisting 
moments, 57 

Etching of stool, etc., 252, 253 
Euler’s strut formula, 60, 61, 62 
Eutectic, 272, 273 

Ewmg, 106, 187, 180, 100, 101, 102, 

^ 193, 104 

Expansion cocOicicnts, 291, 367, 3()8 
Extra liexiblc cable, 452, 453, 457 
459 

Extensometer, Bairtchinger’.s, 187, 

Extensometer, Cambridge, 194,195 
Exten.sornoter, Ewing’s, 189, 190, 
191,192,193,194 
Extensometer, Unwin’s, 188, 189 
Extensonioters foi compression, 193 
Extensometers, prmciples of, 68,186 

Fabric te*8tir45 macTiines, 161, 174, 
182, S^l, 232,233 • 

Factors of satety, f31-138 
Factors of safety for shafts m tor¬ 
sion, 54, 55 • * 

Factors of safety, in aeroplanes, 4, 
136, 137, 138 

Failure of motals, « tests, 100,101, 
102, 103, 104, 105, 106 


! Fairings for steel cables, 458, ^59 
‘ Fair-Jeada, 459 ^ # . 

' Fatigue, lf9,120,128f 130,131,140, 

: . 2K),’211-228, 345, 346, 351* 352, 

; • , 361, ^62, 363, ^70, ^J5, 424 
, Fatmuo testing macfiinos, 211-228 
Ferrite, 256. 258, 259, 261, 264. 265, 

' 274, 275,*277, 293, 497, 498, 514, 

515, 516 

FM-ro-eiiroine, Olia - 
Fento-mauganesl, 301, 316, 666 
Ferrfi-silicou, 667 
Kerro-tungsten, 667 
h'orro-zinemg, (>51, 652 
^ Ferrous all(>^*665-66H 
F<Vy, *adiaWn ]wrometer. 
Fyroiffetbrs, radiation 
•Ftlon, 244 • . • 

Firtb, Mes.srs., 3^4, 355, 377, 379, 
401, 402,^o:> 

[’’laiiK^ blow])i|l^, 615, 616 
Flangi' stresses, 44, 45 
Flexible metidlic tirimig, 432, ■^3, 
434, 435 

blow of metals, 67, 71, 86, 102, 103, 
104, 10.5, 481 

l^low stincturc of metals, 285, 286, 
287, 288 

Klnxcs for brazing, 592, 593, 594 
[''luxes for soUhn-nig, 587, 588, 589 
! Fluxes for welding, 597, 598, 599. 

625. ()26, 629 
! l‘’ojq)!, 144 

; l''oiging, iliop, 479, 481-489 
I Forging, dro]), steels for. SeoBroj)- 
j forging stei'ls 

I Forging, clfcK-t upon structure, 480, 

I 481 

I b'crging furnaces, 535, 536, 540, 541 

■ Foigmg, hand, 479 

■ Forging tempeiatures, 335 
Formulat for repeated stresses, 125, 

126, 127 

Forty ton steel, 329, 330, 331, 332 
I Foster impact machine, 225 
Foster pyrometer, 570, 571, 572 
Fracture, impact, 130 
Fracture, plane of, 17, 80, 100, 101, 
102, 103, 104, 105, 100, 141 
, Fractures of alloy steels, 360, 361, 
362, 520 

Frankolin purifier, 612 
Fremont impact machine, 218 
Frosca, 101 

i Friction testing machine, 237, 238 • 
Front axle steel, 332, 333 
Fuels, cost of, consumptions, etc., 
552, 5i^ 

^uols for furnaces, etc., 628, 629,- 
630, 631 

Furnace atmosphere, 621 




730, kiRtJifAFT AND AUTOMOBILE MATERIALS 

Fumftca temperatoi^, 668, 669, 676, 1 Hardening of too^ steels, etc., 600, 
677, 678* • , * • 601,503,6q# 

Furnaces, elei^Hc, 529 , . . Hardening processes, 5M, 502, 517,* 

Furnaces, electric^hardening, 544^ | 619, 620, 521, 526,'oiv 

545 •• ♦. •• • ! Hardening, theory of. See Theory 


Furnaces for non-ferrous metals, 
545-652 • • 

Furnaces, gas-fired. See Gas-firod 
furnaces . • 

Furnaces f^r heat ti;Jatmont, 52^-553 
Furnaces, oil-fired. See OiUfired 
furnaces 

Furnaces, tilting, 545,‘646, 547, 548, 
549 

Galvanized ste^l cables*41)4, 

* 459,460,401,^62 ^ 

Galvanizing process, 6ol 
Oases, heating valhes See Fuels 
Gas-firod furnaces, i^l-537 • 

Gauges, wire, 683, 6s9 
Gear blanks, 484, 482 
Gear-wheel steels, 3<I3, 362, 371, 
373, 374, 390, 391, 303, 394, 395 
Generators for acetylene, 612, 613, 
614, 615 

Gerber, 125 c 

Gesnor process, 653, 054 
Glass, 11, 12, 13, 16 
Gordoi' formula for struts, 59, 63 
Gordon-Rankme, 60, 62, 63 
Graphite, 264, 295, 296, 297, 298, 
299, 300, 301 
Graphitic carbon, 297-301 
Greenwood and Batley testing 
machines, 169, 170, 171, 175, 176 
Grips for brittle materials, 182 
Grips for cables and wires, 181, 460, 
473, 474, 475, 476 
Grips for fabrics, etc., 182 
Grips for plastic materials, 177, 178, 
179, 180 

Guillot, Hr., 285, 292, 351 
Gums, 641, 642, 643, 644 
Gun-metal, 11, 12, 84, 91, 99, 111 

Hackett, 411 
Hadfield, 279 
Hsematite, 308, 317 
Hard soldering. See Soldering, 
silver 

Hardening baths, 603, 504 
Hardening, due to shearing, etc., 95 
Hardening edge, 606 
Hardening, methods of heating for, 
600, 501 

Hardening of steel castings, 337,338, 
496 ' 

e Hardening of steels, 496-627 * 

Hardening of tool steels, 332, 334^ 
336, 496 


of hardening 

Hardness and carbon content, in 
steel, 146 • 

Hardness tftvl tensile strength, 149, 

i.w"’ ■*' 

Hardness, effect of cooHi^C'-r®'*^ 
499,500 f 

Hardness, effect of initial cooling 
• temperaWiro on, 499? 500 
Hardness} effect of mavss, 5(?2, 603 • 

i^rdness, effect of tempering on, 
.507,608 • 

Hardness of automobile steels, 151, 
329,499 « 

Hardness of metals, 67, 68, 142, 143, 
144, 145, 146, 147, 148, 149, 150, 
151, 152, 1.53, 236, 282, 294, 674 
Hardness of steel (.constituents, 264, 
265 , 

Hardness scales, 143, 147 
Hardness tests, 142, 143, 146, 230, 
237 

Hatker, 292 
Harris indicator, 385 
Hartman, 105, 106 
Harvoyized steel, 496 
Hayward, 118 
Hatfield, 279, 379, 387 
Heat troatnj-ent, effect on properties 
of chrome-vanadium steel, 349, 
354 

Heat treatment, effect on properties 
of high chrome steel, 354, 381 
Heat treatment furnaces. See 
Furnaces 

Heat treatment, effect on properties 
of manganese steels. 

Heat treatment^ effect on properties 
of nickel-chrome steel, 347, 348, 
3.50, 354, 370 

Heat treatment, effect on properties 
of nickel steels, 360, 361, 363, 364, 
365 

Heat treatment, effect on properties 
of spring steels, 382, 383, 384 
Heat treatment, effect on properties 
of steel, 346,f347, 3^8, *349, 360, 
351 « ♦ . 

Heat treatment •! sheet stdels, 399, 
405 

He<».t treatment of tool steels. See 
Hardening of lool steels 
Heating mlues of fuels, 629, 630, 
531 

Heat-testing, 26^ 

Heratol purifier, 612 
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Hick on lean cyimaer tests, 87 
High carbon stoel, 27|^ 332, 333,334^ 
» 335,33W26 , 

High carboiT'Stcol, welding of, 335, 

• 626 ' 

High nickel stool, 280, 352, 366, 
367. 368 • . 

• High nickel steel shoot, 401, 402 

High pressure gas s^teni, 

610,611 ^ ^ 

High aik otm s teel. 380, 382 • 

High-specrt^W^ol, 352, 387, 388 
High-speed steel tool shanks, 503 

• High tonsilo4?teels. Se^Alh^ steins 

• High t(<hsile steel shoct^400, 401, 

402-400 ^ 

Hoblyn, J. B., 517 • 

Hodgkinson, 87, 88, 104, 105 • 

Hollow metal bars, 41^^), 432 
Hooke’s law, 8, 0, 10, 11,35, 68, 60, 
73,100,241 

Horse-power of shafting, 54, 55 
Hydraulic testing machines, KiO, 
161. 164, 167, 168 
Hysteresis, 03 


l-boams, 38, 30, 42, 43, 44, 45, 110 
I-beams, shear stress m, 42, 43 
Iceland spar, 244, 245, 246 
Impact energy, 130 
Impact, stress duo to, 128, 120, 130, 
131, 135, 136 

Impact t(‘sting machines, 138, 130, 
218, 210, 220, 221-228 
Impact tests, 77, 138, 130, 140, 141, 
412,330 I 

Immersion thermometers. See l*y- 
roineters, expansion , 

Inoxydizing process, 655, (>56 
Instantaneous stress, 131 
Invar steel, 367 

International aircraft standard, air¬ 
craft wires, 440, •^41, 442, 443, 444 
International aircraft .stamiard, al¬ 
loy steel sheets, 404, 405, 406, 
4()7 

International aircraft standard, bend 
testa, 112, 113 

International aircraft standard, car¬ 
bon steel sheets, 398, 300, 400 
International aircraft standard, im¬ 
pact t^t nieces, J41, 142 
Internationa ^aircraft standard, 
speciflcatipns fgr strainers, fer¬ 
rules, and*thimbles. [S<‘e Appen¬ 
dix IL] • 

International aircrftft standard, steel 
cables, 459-463 • 

International aircraft standard, steel 
tubing, 417, 4f8, 419, 421, 422, 
423 


International aircraft, standard 
♦stftels, ^7, 398, 39^ #)0,‘404,405, 
406,.407 , • • 

International ai^raft standard, ten- 
. silo t*St pieces, 76,^if 78, 79 
Iron, 12, 13, U, 79, 80, 124 
iron, «, 264, 276, 277 
Iron, id, 264, 276, 277 
Tfpn, y. 264, 276, 277 
Iron, 6ast. Se^ Cast ir#n 
Iroii, cliomical composition of, 290, 
293 


Iron, cooling* curves, 260, 267, 268, 
274. 275, 276, 277 

Iron, comj^^^ve strength of, 82,83, 
•291 \ . • • 

Iron, corrosion of,4)36. 637, 638 « 
Iron, cfTect ot impurities in,*298 
Iron, oloctj^ilvtuf 202, 203, 204 
Iron.^nalleabl^, 250, 205, 368-313 
Iron, malleable, welding of, 626 

* .l>n.\i/,o1 lAH of. eoo 




Iron, pig, 204, 205, 209 • 

Iron, physical properties of, 291, 292 
Iron, protection of, 638-656 
Ifon, shearing strength of, 108, 291 
4ron, tensile strength of, 82, 83, 200, 
201 

Iron, torsional strength, 117, 118, 

201 


Iron, wrought, ll, 12, 13, 16, 124, 
136, 250, 2H0, 200, 201, 202 
Izod, 108, 130,141, 143. 180,210,220 
Izod impact machine, 219, 220 
Izod test results, 143 


Johnson, 144 

Joining of metals by compression. 
632, 633 

Joints, llcxible tubing, 434, 435 

Joints, round steel wire, 463, 464, 
465, 466 

Jonas, Sir Joseph, C’olvcr and Co., 

384 

Joints, stetd cable, 466,467,468,469, 
470, 471, 472-476 

Joints, streamline wire, 447, 448, 
449 

Joints, types of welded, 600, 617, 
618, 691 

Kjellberg welding process, 598 

Krupp’s axle steel, 122, 124 

Lacquers, 638, 639, 640, 641 

Lateral contraction of metals, 11,13, 

102 

Lateral^xpansior of metals, 102,103 

F l^unhardt-Weybauch formula, 126| 
••127, 135 

Laws of comparison, model tests, 3 
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Lead, 11, 73, 86, 87, 633 Manometnc type Testing machines, 

Lead-aniimfoy allots, 510 $ • 161, 173, 174 ^ 

Lead ooating •hmetals, 654 I 'Manufacture tf steel lysing, 409, • 

Lead-lin alloys, 609, 688, 689 ; 410, '411, 412, 413, 417, 418, 

Lead-tin bisinuth aRoys, 500.561 • > 430 > . 


Lead-tin solimfication curves, 271, 
272 • • ^ 

Least moments of inerti^, 59, 61, 62,* 
63, 64 

Least radiLof gyraljion, 59, 61, 62, 
63,64 • • 

Lebasteur, 335 * 

Leeds-Northrup pyrometer, 5§2 
Limiting sizes of structures and 
machmes, 3 

Liners for steel tubes,4^5, 4^, 426, 
**427 *. • • 

Linseed oil, 638, (142, (W3, 644, 64.'^ 
646,647 , 

Live loads, 128, 135, i3lf* 

Local annealing of sttel, 496 • 

Local hardening duo to punching, 
o^ shearing, 95 ^ 

LK)cal hardening of steel, 504, 505, 
626, 627 
Low, A. R., 244 

Low carbon steels, 321-328, 517 ^ 

Low nickel stool sheet, 401 
Low nickel steels, 359, 361, 362, 363, 
364 

Low pressure gas welding system, 
608, 610 

Low temperatures, effect on metals, 
97, 98 

Luder’s lines, 105, 106, 107 
Lugs for steel tubes, 424, 425, 426, 
427 

Magnet steels, 278, 281,387, 388 
Magnetic condition in steel, 266, 267, 
268, 269, 276, 277, 278, 279, 280, 

■ 281,385,387 

Magnetic oxide of iron, 638, 646 
Magnetic steels, 278, 279, 28(L 281, 
353, 386, 387 * 

Malleable cast iron. See Iron, mal- 

Malleability, 66, 67, 674 
Manganese, 298, 296, 299, 301, 311, 
318, 320, 334, 337, 362-356, 384, 
385, 399, 406, 407 
Manganese bronze, 84 
Manganese bronze corrosion, 638 
Manganese, effect on carbon steel, 
318,319.320,334,621 
Manganese, effect on cast iron, 301 
Manganese, effect on iron, 289, 521 
Manganese steels, 268, 269, ^8, 279, 

. 280, 281, 352, 353, 354, 384, 386, 
386,387 

Manganese sheet steel, 407 


Martensite, 260, 261, 262, 265, 275, 
276, 277, 279, 437, 436, 497, 498 
“Mass effect” in heat treatment, 
358, 602,^03 

408 

Medium carbon steel, 328, 329, 330, 
331,332 

Melting points of met^s and alloys, 
273, 509,510, 555, 6Cy, 588 
Metal doalp ig processes, 649-660 , 

Metal cuttfng by oxy-acotyleno, 629, 
4130, 631, 632 

Metal-joining’processes, 584-634 
Mt^tals, hardness of, 152, 155 
Methods of voiding. See Welding 
processes 

Micro-structure of cast irons, 296, 
297, 298, 306, 307 
Micro-structure of iron, 256, 293 
Microscopic examination of mctalsf 
106, 107, 250-288, 296, 297, 298, 
306, 307, 324, 333, 341, 369, 378, 
436, 437, 480, 481, 514, 515 
Micro-structure of steels, 257, 258, 
259, 261, 262, 263, 280, 281, 324. 
333, 341, 369, 378 
Middleberg, 144 

Mild steel, 8, 68, 69, 74, 79, 80, 81, 
82, 83, 89, 91, 103, 108, 109, 111, 
120, 121, 123, 126, 13.3, 143, 314- 
332,518 

Mild steel plates, 396, 397, 398, 309, 
400 

Mild steel tubes, strength of, 414, 
.415, 416 

Mild vanadium steel. See Vana¬ 
dium stool 

Minerals, hardness of, 143 
Mitis castings, 3t3, 314 
Modulus, bulk or volume, 12, 13 
Modulus of elasticity, 10, 11, 13, 35, 
291, 303, 322, 323, 324 
Modulus of rigidity, 12, 13, 291, 303, 
324 

Modulus of rupture, 110, 111 
Modulus strength, 36, 37, 38, 39, 40 
Moh’s hardness scale, 143 
Molybdenum, 388, 668 t 
Moment, 1>endirg, 2o, 26, 27#^8, 29, 
30, 31, 32, 33, 35,56 

Moment of inertia, 36, 37, 38, 39, 40 
Moiftent of inertia, least, 69, 60, 61, 
62 

Moment of resistance, 34, 36 
Monometer fumae^s, 645, 546, 647, 
548, 551 
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Morin, hardness lest, 146,153 
Mottled cast irorf. See Cwt iron 
, Muntz 84 • • 

Muahet ste^ 387, 388 
^usic wire.* See Wire, music, or 
piano 

Natio 9 ,al Physical Laboratory, 196, 

» 211,212,222 

National Physical Lal^^om tes^s 
on welded joints, 619, e50,€21 
NavaV-'^s3^84 • 

Navier’s the».vy, 101, 106 
Neutral axis, in beam sections, 32, 
33, 34, 36^50, 51, 101^ . 

• Nickel foating of motalsV650, 655 • 

Nickel-chrome case-hardening stool, 
143, 352, 353, 354, ^5, 370,37 f 
Nickel-chrome sheet steels. See 

Alloy sheet stools t> 

Nickel-chrome steel, 14, 82, 83, 85, 
80, 114, 118, 133, 143, 279, 347, 
348, 349, 350, 351, 352-357, 368- 
372, 405, 407, 408, 484 
^ickoUchrorae steel tubes. See 

Alloy steel tubes. 

Nickel, effect on steel, 282, 283, 284, 
521, 522 

Nickel steel, 82, 115, 118, 133, 268, 
278, 283, 401, 402, 403, 404. 405, 
484, 485, 622, 523 
Nickel steel, corrosion of, 637 
Nickel-steel plates, 401, 402, 403, 
405, 407 

Nickel-steel wire, 441 
Nickel steels, case-hardening, 115, 
117, 133, 346, 351-355, 3.58, 359, 
360, 522, 523 

Nickel stools, metallography of, 282, 

283, 284 

Nickel-vanadium steels. See Vana¬ 
dium-nickel steels 
Non-corrodible steel. See High 
nickel stool and^chromo steel 
Non-lloxiblo steel cable, 451, 455 
Non-magnetic steel, 279, 280, 283, 

284, 352, 353, 354, 366, 367, 368, 
384, 385, 386, 401, 402 

Normalizing, effect upon strength, 
490, 491 

Normalizing process, 489, 490, 491, 
492 

Notched>baj teBt8*I40, 141, 142 

Oil-firftd furnaces, 538, 53?, 640 
Oil-hardeni&g stell, 134 
Oil testing machines, 237, 238 
Oils, fuel, 630, 6621 563 • 

Olsen testing machines, 160, 209, 
216, 239 

Olsen transverse^ testing machine, 
209,210 ' 


Optical pyrometers. See * I^ro- 
•m|ters, optical f ^ , 

Optical • stress .'adetermination 
mathods,«244, 245, 246, 247*, 248 

•Osmond* 263, 2«, 516 
Overalffactor of saf^f ,*139 
Overstrain, 92^ 93 

•OXy-acetyftne metal cutting, 629* 
631 

Oxy-acetylene -welding^ 607, 608- 

m • 

Ox^-bonz welding, 607 
Oxy-coal-gas.welding, 607 
Oxy-hydrogen welding, 607, 608 
Oxygraph wd^lng machine, 625 
Otcy^-oil qu?*ilhing method, 656, ^7 

• faints for mstals, 544, 645, Q,46, 64^, 
648 / 

PoarlitoT 1^58,. 259, 260, 266, 274, 
27f<', 276, 275,514,515,616 
Permanent set, 8 

Permanent set for dast iron, 88, 89 
Petrol engine, torsional stresses,* 55, 
56 

Phosphor-bronze, 12, 84, 99,109 
Phosphoretted hydrogen, 614 
rhosphorus, 289 

Phosphorus, effect in cast iron, 303 
Phosphorus in iron or steel, 97 
Physical constants of metals, 291, 
292, 294, 304, 305, 367, 670, 671 
Pigments, 645, 646 
Pin-jointed frameworks, 4, 5 
Pistoa-ring compositions, 300, 306 
Plastic materials, failure of, 103,104, 
114, 116, 117 
Plasticity, 66, 67 

Platinum resistance thermometer. 
Seo Pyrometers, electrical resis¬ 
tance 
Platt, 118 

Plough steel cables, 450, 461, 452, 
453, 454 

Plou^ stool wire, 438, 439 
Polarized light, 244, 245, 246 
Poisson’s ratio, 11, 62, 101 
Polish attack, 263 

Principal stresses, 18, 19, 20, 21, 23, 
24, 26, 45, 47, 100, 101, 106, 242, 
243, 244 

Properties of beams, 25, 26, 27, 28, 
29, 30, 31-52, 109, 110 
Protective paints, requi^pments of, 
644,645 ; 

Pulleys for cables, 469 
Purifiers for acetylene, 614 
Pyrometers, electrical resistance, 

, 668, 669, 679, 680, 681, 682, 683 

Pyrometers, expansion, 668, 669? 

' ^ 682, C63, 664, 665 
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PyrdWters, fueifti, 658* 559, 660, 
5^1,662 

Pyrometers^oMical, 672, ^73, 574* 
Pyrorietere, raKfiatian, 558,659,566, 
666, 668, 609, 67^^ 671, 672 ' ' 
Pyrometera,»f Ubermo-olectfl*, 668,* 
660, 674, 676, 676,^77, 678, 679 
Pyromotry, 654-583 • • . • 


Reversals of stre*, 120, 121, 122, 
123 * 

iReversed stresaes, 119,121,122,123, 
125 . •• . • 

Reynolds, 124 ^ 

Richmond furnaces, 531-538, 54f- 
544 

Riehlc shackles, 177,-1?8, l^y, 182, 
183 • 


Quality factor in tensile tests, 90,^91 ■ 
Quantity ofepaint I'ejuired, 647, 648 ] 
Quasi-arc welding system, 697,#)98, ' 
602, 622, 623 j 

Quais-arc welding test results, 622, 
623 

Quenching of stools, t!^(^276 i 

• • • * 

f^diation pyrometors^ Soo I’yr^- ^ 
metols, radiation 

Radius of curvature of^'crt beam, 
:(5,48,4I» * , 

Radius of gyratio i orbcain sections, 
30, 37, 38, 39 . 

Radius of gyratio i of fitnit sections, 
69, 69, 61, 62. (i3, 64 
Hafwiro, 114 

Rafwire. Soo Stroamlino sto<il 
wires • | 

Range of stress, 120, 121, 122, 123, 
124, 125. 120, 127 
Rate of loading, 71 
Rates ot welding, 690, 601, 618 
Rearnur malleable castings, 311 
Rocalesconco, 200, 267, 268, 2(>9, 
274. 270, 277, 497,515 
Recording pyrometers. See i’yro- 
motors 

Rod shortness, 290, 321, !13(i 
Rod shortness in steel, 97 
Reduction of area, 79, 80, 82 
Rogonorativo furnaces, 631, 632, 
633. 541, 542, 543 

Relative impression hardness test, 
146, 163 

Repairs by welding, 624, (>26 f 
Repeated stress testing machines, 
211, 212, 213, 214, 216, 216, 217, 
218,219 

Repeated stresses, 93, 119-130, 134. 

135,211,212,213,214 
Resilience, 14, 16, 16 
Resilience of alloy steels, 14, 16 
Resilience of beams, 62 
Resilience, torsional, 67 
Resins, 64«, 641, 642, 043, 644 
'Jiesistfmoe pyrometer. So© Pyro¬ 
meters, resistance 
Resistanoes, specific electrical, 292, 
294,673 • 

Resultant stresses in beams, 45, 47, '' 
56, 67 • < 


l,ti6hl^te^itg machine, 171,172,173 
lliohl?^ tdKion meter, 203 
RigukHtructures, 5 ^ 

Rigidity, modulus of, 

Rocbling, 4(i4 

Rolimgk of (Erection on 

strengtiv 107 * ' 

Tlyo, 124 
llosenhaiu, IfiC 

Rubber, elastic constants of, lii 
Rubber, modeds for tests, 241, 242 
Rubber, resilience of, 14 
Rusting of iron and steel. See 
Corrosion of iron and steel 
Rust-proof coatings, 646, 647, 648, 
662, 653, 664s 666. 666 ^ 

Rust-))rooling cast-iron, 055, 666 

Salt baths for hardening. See 
Hardening baths 

Salt solution cooling curves, 270, 271 
Saiularac, (542, 643, (544 
Sand-loadmg tests on aeroplanes, 4, 
138 

Sankoy reversed bending machine, 
2U), 217, 218 
Saiivcair. 2(50 

Scal(^ model tests, 3, 4, 239, 240 
Scbloroscojjc, 146, 163, 154, 165, 
156 

Schmitz, 202 

Seamless steel tubing, 409, 411, 412, 
413, 414, 415, 416 
Secondary stresses, 45, 69, 240 
Section steel tuljjng, 426, 428, 429, 
430, 431 

Sections, economical beams, 36, 37, 
38, 39. 40 

Sections, stresses across, 36 
Soger’s cones, 561, 562 
Self-har<lening steels, 387, 388 
Semi-steel, 314 

Shackles for testing machines, 177, 
178, 179, 180. Uil, 181 
Shafts, strength of, §2, o3, 5^, 55 
'Shear, simple, 18,49, 20* * 

Shear-stool, 316 

8he%r 8tre.ss, 7, IL 15, 17,19, 20, 21, 
25, 40, 41, 42, 43, 96, 100, 101, 
106, 107,*110, 118, .324 
Shear stress in beams, 40, 41, 42, 43« 
44, 45, 47 ♦ 
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Shear atreA in shafts, 52, 53, 54, 55, 
56. 67. ijo, 117, 118 
Shear stroa of cast iron, 88 • 

Shear, worn dwe in, H » 

■’fi^earing forcosin beams, 2(>, 27, 28, 
•• 29,30, 31, .72, 33 » 

Shearing test shackles, 180 
Shoot stools, 324, 326, 39fi-«9 ' 
^feets, tensile test pieces, 75, 76, 77, 

Shellac, 640, , (^, 643, 6^4 • 

t .Sheraniizing procoaH, 652, 601 • 
-'C^r^kenorfiy, 130, 131, UO, 141, M2 
•Tk'*<*ro hardiiosrt testa, 144, 146, 153, 
o 154, 156,J,57, 158 
Shrapnel-jir^jf al^'ct Hi.^lfl, 307, 
► 407,408 ^ 

Siein<‘nM«M^rtm proi^ss, 316, 3L7, 
484 • 

Siemens ]wrometer, 580 • 

Silico-caleiuni-rtluinmmin, 660 
Silico-chrome Htoel, 352, 353, !i82, 
383 

Silico-chromo steels, 382 
Silico-inangane.se, 666,%j367 
Silicon, 280. 200, 336 
Silicon coating of iron, 655, 656 
Silicon, effect on carbon steel, 310, 
320 » 

Silicon, effect on cast iron, 301, 302 
Silicon, effect on slirmkage of oast 
iron, 305 • 

Silicon stoel, 351, 352, 353, 354, 380, 
382 

Silver solder, 500, 5!H 
Slag, 264 

Slavianoff welding jirocoss, 507, 508 
Sleeve valve, cast iron, 306 
Slenderness ratio of struts, 5!K 60, 
61,62, 63 

Slope of beams, 48. 40, 50, 51 
Smith, 124, 213 

Snead's pr<x5C3s for stoel tulie.s, 417 
Sohlor, composition of, 183, 473, 
587, 5li8, 592 

Solder, strength and hardness of, 5.'*^ 
Soldered wire and cable joints, 181, 
464, 465, 466, 407, 408, 473, 474, 
475, 476, 477 
Solderine, 580 

Soldering alloy for cables, 183 
Soldoring of steel tubes, etc., 425, 
426 

•soldering processes, 584, 585, 586* 
• 590 !f> 

Saldering silver, 584, 685, 590, 591 
Soldoriftg temperatures, 585 
Solid solution state, 275, 216, ill, 
278, 2179 

Solidification curves, ^70, 271, 272, 
2^ 274, ye, 277 


8arbi^263, 2 A, «7 
Specific gravity of cast-iron, 304 
Specific ^gravitj^ of change due to 
* hardening, 525 

Sj>ocific gravity of'iron, 201 
Spooiffb gna^y of metals, 683 • 

S{l^ffio gravity of nickel steels, 366, 

Specific gravity of stoel, 615, 611, 
612 

Specifications, Admiralty. See Ad¬ 
miralty siMJCitications 
Si>ecifigations, •Air Ministry, ^ce 
Appendix 111. 

S|^*iiications, American material. 
pJSoo American material sjieoifica-^ 
tions 

S^.,h.aUon», Britishfi^^nginoorijig 
* Standn^ls. 'See lingineoring 
Stanej^rd Coniinittoo’s Spocifica- 

» «^onsv 

Specifications, International Aircraft 
Standard. See Iiiteniatioiial Air- 
•iiraft* Standard * S[)eeifieation 
(I.A.S.B.) 

Specilicatioiis, Society of Auto¬ 
motive Knginecrs. See ApjMMidix 
IV. 

Specimens for microscojiic exa- 
inmatioii, 252, 253 

Sj)ccinK‘n.s, lioldcr.s for. See, 
Shackles for testing macliinoH. 
Specimens, shape of. See Tost 
juece.s 

Spiegcleison, 267, 301, 316, 668 
Spelter, 501, 502 

Spli<’es, eahhi, 467, 468, 460, 470, 
471. 472 

Spring steels, 82, 124, 351, 352, 353, 
354, 380. 382, 383, 384 
Spring testing machines, 220, 230, 
231 


i St. Venant, 101 
j Stanton, 124, 222, 227 
! Stassano electric furnace, 336 
j Stead, 252, 436 
, Steel, 40-ton, 60 
Steel, cast. See Cast steel 
Steel castings. See Castings, steel 
Stool, chrome-vanadium. See 
Chromo-vanailium stool 
Steel, corrosion of, 636, 637, 638 -n 
Steel, crucible. See Crucible steel 
Steel, definition of, 240 
Steel, drop-forging. See Drop-fo^i^- 
ing steel '' 

Steel, flow structure of, 285-288 
Stoel, high carbon. See High 
carbon steel 

^tecl, low carbon. See Low carbon^ 
steel 

d • 




736 AND|5nJTOM0BILE MATERI 4 LS 


Steel, mangaDeRO. See MaftgaDefie 
steel *. « 

Steel, metallogra^Hy of, 255-288, ^ 
490, 497, 514, sjs • 

Steel, mild. See Mild ^tee\ 

Steel, modulus of elastiOity, 10, 11, 
02, 63 ^ ** 

Steel, nickel. See Nickel steel 
Steel, nioKel-chrorae. See Nicl^el- 
chfome steel 

Steel plates, 112, 113, 114 
St^d plates, 324, .32^ 390-409 
Steel rivet. See Rivet steel' 

Steel, silicon. See Silicon stool 
Steel, spring. See Spring steel 
Steel, stainless. See Chrome stoel^^ 
Steel struts, strength of, GO, Gl, G2, 
63,64, G5‘ . I 

Steel, tool. See Tool steel 
Steel, tungsten. See Tungsten steel 
Steel, vanadium. See Vanadi ifil 
steel 

Steels, general properties of, 675,67G, 

- 077 

Straight-lino formuho for struts, 
64, 65 

Strain energy, method, 14, 15 
Strain method of stress measure¬ 
ment, 240, 241, 242 
Strainer weights and sizes, (>85 
Strainers. See Tumbucklos 
Strains, 7, 12, 13, 14, 15, 53, .54, G8, 
69, 129 

Streamline steel tubing, 428, 429, 
430 

Streamline steel wires, 445, 446, 447, 
448, 449, 450 

Streamlining steel cables, 458, 45t) 
Strength modulus, 36, 37, 38, 39, 
40 

Stress intensity, 6 
Stress-strain curves, 8, 9, 68, G9, 81, 
83, 85, 80, 87, 89 
Stress, types of, 6 

Stresses, 1, 2, 3, 5, 7, 9, 17, 18, 119- 
130 

Stresses, beniUng. See Bonding 
stresses 

Stresses, combined, 20,45,46,47,48, 
66, 66, 67 

Stresses, compressive, 86, 87, 88, 89, 
103, 104 

Stresses, ellipse, 22, 23 
Stresses, experimentally deter¬ 
mined, 2, 239-248 

Stresses, impact. See Impact 
stresses 

Stresses in aeroplanes, 136, 137, 138 
Stresses in beams, 20, 21, 29> 30, 
^ 31. 32, 33. 34, 35, 39. 40, 44, 45,< 

240 


Stresses, normal, 15, 17,ll9,*20, 21, 
23, 24, 45, 47, 48, 66, M 
Stfosses, principal, 18, 19, 20, 21, 
38,.24, 47? 48, 57»242, 244, 2^ 
247, ^8 ^ 

Stresses, repeated. See Repeated 
stresses 

Stresses; simple, 15 
Stresses, static, 119, 120, 121, 122, 
123, .124, 132,d33,._»34ri37 
Stresses, torsional, 52, 53, 64, 55, 

I ft). 117,118 • 

Stresses, units, 36 
Stromenger, 598, 599 
StruoturcH, te.sts upon^, 138, 239^ 
^40 - . ^ 

‘Aruts, theory of, 58. 59, GO, 61, 62, 
63, 64, .65 ' • 

Struts, thin-wallod, 59 
.SulpR'ur, 28U '• e 

* Su'phur prints, 285, 286, 287, 288 
Stubbs, 481, 48.3, 485 
Swaging, 446, 447, 449 
Sz-'bcly proep^Hs for castings, 307 

Tangential stresses, 15, 17, 19, 20, 
21, 246, 247, 248 
Tar-oil pro.servatives, 644, 046 
Temperature, offoot of, on recovery 
of elasticity, 93 

'remj)eraturo, effect on strength of 
metals, 97 

Temperature, standard points of, 
556, 557 

Tomporaturos and colours of stool, 
556 

'Pomperaturos, industrial range of, 
555, 556 

Temperatures of annealing. See 
Annealing tomporaturos 
Temperatures of torgmg. See Forg¬ 
ing tom])eraturcs 

Tomporaturos of hardening, 497, 
498, 502, .503, 504, 516, 517 
Temperatures of “ solution,” 513, 
514 

Temperatures of tempering, 347, 
348, 349. 350, 512 

Tempering baths, alloys, 508, 609, 
510, 611, 537, 638 

Tempering, colours and tempera¬ 
tures, 512 

Tempering, effect upon constituents,# 
507 , ' # • . 

Tempering furnaces, 53t, 537, 538 
Tempering of steel, 347, 348, 3^, 
506, 507-512 

Tenacity. See Ultimate strength 
Tensile strength, 68, 69, 82, o3, 264, 
265, 364 

. Tensile stress, 7, 8 
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Tensile tea§, 68,69,74,75,76.77, SO¬ 
SO, 90, », 420 ^ 

Tension intact test-^, U1 
’ pieces. sHtpe of. 7^. 74s TO.^VO. 

' • 77, 78, 79. 90. 220. 227. 2«h. 229 
Testing machines. 101-24H 
posting maehmos, Baiiev, l74V'17r> 

^fr^ting machines, Buckfr^i. 102. 

10.2, 1G4^1|^ 100. I,S4. IN") 

Testing •InacTOic'^ eillihrafton of, 
167, 108 ^ , 

■ifcing machines, com]><>iiti(l ley'r, 
J09. 170, 171, 172, 172, 175. 170, 
177 

vsting ina^nes, fabny^lOl, 221,« 
222,222 V • . • • 

Testing m^ehmos, fa^gne nnfl conT- 
bincii stress, 210, 211,♦212, 2T^1, 
214,215,210,217^18 
Testing I'Hacbmos for bearings and 
oils, 227, 228 • 

Testing niaclim<‘s for hanlness tests, 
147, 148, 152, 152. 154, 155, 225. 
230 ^ 

Testing machines for springs. 22!K 
221 


’ TTiermit welding proems, 595, 031, 
032 t 

• Thermo-couplea. ^See Pyromel er^, 

• thernu>-elocfric ♦ 

1 benllomgt^is, ty]>es of. See Pyro^ 
jneters 

'1 m^’mostat, 548 

riun tithes, bnekling of. 511, 416. 420 
I'l^omsou-HouMtoii well! mg process, 

im 

rhH'jul-recorder. ‘>77 
riniiston. 201.^:17, 238. 229 
Timbcf, 02, 02. 04, 124, 120 
'rnpl)er, strength of struts, 02. iM. U4 
iSktc'-mllucncc, in teiisih' tests, 91^ 
92 

'1^1, 509, 510, .5.75, ry57. .500. 561. 
• i;22 9 • 

Titimiinn, 202. 008 
, Titimi^n, I'tlect. m east iron, 202 
T»%“ran< es for standard steel sliei'ts. 
29f>. 401. 40.5 

for steel iiibes. 417. 4lS. 
421. 422. 422 

'I'ool steel, 210, 222-22<i, 2.52 .287. 
.2SS 4t 


Testing inai'.bines, (Jreenwood and 
Batley, 109, 170. 171. 170% 
Te.sting rnaehines, hon/ontal tv])es, 
107-177 

Testing tnaehmes. imjiact. 218-228 
'resting machines, rc([uiietnciits of. 
162 

Testing macliine.s, loverscd hendmg. 
216, 217, 218 

Testing machines, Uiehle, 171. 172 
Testing machines, vunr],, lever type, 
102, 102. 104. ItM. i<;o 
Testin'; machmi's, t<»rsi()n, 197, 198, 
199, 2tM), 201,202. 202, 204 
Testing inachinos, transwrse (cast 
iion), 208, 209, 210 
Te.sting machines, Werder, 107 
Testing machines, wire and cable, 
204, m5, 200, 207, 208, 441 ^ 

Tetmajer, 91 

Tests for steel tubing, 59, 112, 415, 
416,417,419, 420, 421 
Testa of ferrule wire joints, 464, 4t).5, 
466 

Teats on full-sized structures, 2 
Teats on welded joints, 618, (>19,020, 
621,^22, 622 

I'hofry of ^rdening ferrota metals, 
* 496, 49:. 506, 512 
Thernfel cliangas m metals, 205- 
280 ^ • 
Thorn^l conductivities of ^metals, 
291, 292, 294, 304,^672 
Themal method of stress raoasure- 
^^Qt, 249, 243 3 


I'oision meliM". 202. 204 
Ter-iitm t<*sl.mg ma<'liines, 197-201 
r<»i'-ioii (exfs, MO. 117, IlH, 119, 
420, 44). 443, 402 

'roisioniil sticsHi‘s, .52. 53. 54. .55, .56, 
.57, 119 

'r«usuuuil tesK on wire, 430, 437, 441 
'I’lan-'V ('rse h<*ii(lmg <if beams, .51, .52, 
108 

'I'l iiiisN erse stiairi, 1! 

'I’l.H.site, 202. 202. 20.5. 27«, 420 
riihiug. geneial mf(*rination on, 422. 
124, 42.5, 420, 427 

'ruhmg, inanufai tiireof. See Manu- 
fjK’tmis of .ste<‘l tubing 
'ruliing, steel, alloy, 4l9, 420, 421, 
422. 422 

Tubing, steel, carbon, 414, 415, 410. 
417, 418 

Tulmig. steel, geneial properties, 
409-422 

'rubing, steel, reinforced, 429 
'rubing, steel, section, 420, 428, 429, 
420 

Tubing, steel, strength of, 112,-415, 
410,417,419,421,422 \ 

Tulx^s, tabulated properties of steel, 
678, 679 

Tubes, testing of metal, 112, 114 
Tungsten ste^>l, 278, 281, 244, 246, 
3.52, 353, 354. 355, 387, 388, 
511 

TuMl)Uckles, 448, 449. Also see 
Appendix II. 

Tyre steel, 74 
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Ultimate strength, ViJ, 132 
Units, beam Ures'se|, 3d 
Units, elastic modufus, 10 
Udits, resilience, *4, T5 
Units, tensile stress, 6 
Units, torsior, 54 , 

UAwin, 74, 87, 88, 98, 99, 111, 

130, lU, 146, 186, 188, 189, 303, 
305, 452, 478 

Upton-Lewis testing machine,* 214, 
215, 216 

Valve stamping, 2rn 

Valve steels, 352, 353, 354, 355, 306, 

1 368,369, 379,394 a 

Valves, flow structure in., 287, 288 
Vanadium -^iromo spnpg 

Vanadium-chrome steel, 3^, 349, 
362, 353, 354, 373, 374, Zm, 388 . 
404. 406, 407, 486 ^ ' 

Vanadium, effect ir cast iron, 303 
Vanadiurn-nichfcl steels, 37^, 375, 

'• 376 

Vanadium steel, 82^.373, 374, 375 
Vanadium tool steels, 387, 388 
Varnishes for metals, 639, 641, 042, 
643. 644 

Varnishes, oil, 642, 643 
Varnishes, spirit, 642, 643 
Varnishes, water, 643 
Varying stresses, 119-130 
Vaughan-Epson wire fatigue testing 
machine, 207, 208 

Vibrations in bar under shock, 
130 

Vibratory testing machine, 230 
Vickers, *114, 115, 118, 347, 350, 360, 
383, 485, 519, 527 

Volume change witli hardening, 
611, 525 


Wade, 144 

Waist, formation of, in tension test 
pieces, 71, 79, 80 
Wall, G. P., 619, 603 
Wall thickness variation, in tubes, 
416, 417,418, 422, 423 
Ward’s inoxydiaing method, 655 
Watch spring, 119 
Watertown arsenal, 160, 175 
Webs, stresses in, 44, 46 
Wed^c grips for testing machines, 
m, 179 

Weights of metal sheets, 687, 688 
Weights of metal tubes, 678, 679 
Weld test of steel plates, 398 
Weldable steels. 396, 397, 398, 399 
•Welded joints, strength of, 696, 018, * 
619, 620, 621, 622. 623 < 


Welded joints, typesl of. See 
Joints, types of weldef 
Welded steel tubes, 410,4l7 
Wdldin* butt, 604, W6, 606, 6C& < 
628, ^9 

Welding, cast, 629 
Weldihg, contact, 604, 605. 606 
Weidinl’, currents and speeds, 6Wj^ 
601, 606, 607 . - 

Welding, electri6Aroft96,.*596, 697, 
5{g, 699, 600, Wl, 602, 603 
^ Welding, electricf resistance, 

603 

Welding, hand, 595 
.Welding, e]^-ga8, 607-ftl’8 
W'^iding, prac^icefl no^es, 616, 617 
Welding procecses, 594-628 
Holding c processes, aeronautical, 
m 609, 610. 611, 612, 696 
Welmng rods and fluxes, •026, 626, 

' 628 
Welding, roller, 606 
Welding, soam, 906 
Welding, spe^.'of, 618, 619 
Welding, spCv, 604 
Welding, thermit, 696, 631 
Well’s process, 663 
Werdof, testing machine, 167, 168 
Wheatstone Bridge, 679, 680, 681 
White metal in compressioi?, 104 
Whitworth, 336 
Wicksteed, 162, 184, 186 
Wild'Barfield automatic hardening 
process, 544, 545 
Wilson and Gore, 242 
Wire fatigue machines, 207, 208, 
437, 441 
Wire, fine, 439 

Wire, gauges, weights, and sizes, 
684, 689 

Wire, hardening of, due to drawing, 
436, 437 

Wire, music or piano, 436, 437, 438, 
439, 440, 441 

W^, plough steel, 438, 439** . 

Wire ropes, 130, 131 
Wire, strengths of, 438, 439, 440, 
442, 444, 477, 478, 681, 682 
Wire testing machines, 204,206,206, 
207, 208. 441 

Wohler, 91, 120, 122, 126, 136, 211, 
212, 424 

Work done in bendii^, 62 ^ 

Work d<i9e in stressing,! 14, 16| 16', 
93, 94 

Work done in torsion, 67 
Workmg stresses^ 131-138 
Worung streases u metals, 131-138, 
677, 680 

Wrapping test* for aircraft 
c 441, 443 
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Wrigbt-Morgan fiirAuia, 549, 550 
Wroogbt iKn^ 8 m IrA 

• X^y ex^^iiution of me^U, 254y 


¥ieH point, 70, 71, 82, 83,84 
Yield poinUfritish atiuidnrd defini- 
• tion, 7f ' • 


Y'ouog’s modulus, 10, 48 
Youno’e modulos for oMt i 

* * • * 'i 

Zerener weUiug prooess, 89t . 

ooating of jMlpla> 051, 

*652,653 ^ • 

Zine sUb^ foAwptel proteotioa, 649 
Zinc, Htran^tli nf. at high tempen- 
turM, 99’ 
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